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-1
 
respectively. C. Difference of the two images which removes the broad resonant 
and non-resonant signals from unwanted compounds within the cell and 
surrounding solvent. ......................................................................................... 135 
Figure 103 F-CARS images of RAW 264.7 cells treated with PMMA, polystyrene, 
and polyethylene. A. Image taken at 2950 cm
-1
 showing mainly PMMA 
particles but also some faint traces of the polyethylene. (Image D. is taken from 
the area in the white box). B. Image taken at 3060cm
-1
 the ring breathing mode 
of polystyrene. C. Image taken at 2850 cm
-1
 showing the location of 
polyethylene. D. Multi-planar visualization of the combined wavelengths in a 
single cell. Slices are taken from the recombined image stack along the yellow 
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Aseptic loosening of artificial joints is caused by an osteolytic reaction to wear debris 
mediated by macrophages and other cells. Imaging these wear particles within cells 
can be a key process in understanding particle-cell interactions. However, the 
compounds used in surgical implants are not easily visualised as no tagging molecule 
can be added without altering the properties of the material. We were interested in 
using a label free optical technique known as coherent anti-Stokes Raman scattering 
spectroscopy (CARS) to image these particles in cells. 
In this thesis we studied how to use CARS to image physiologically relevant wear 
particles within cells. We characterised the responses from our CARS system and 
found them to be in good agreement to the Raman spectra we obtained for the same 
materials. We showed that the forward scattered CARS signal was consistently larger 
than the backwards scattered signal for the same size particles, and also generated a 
larger contrast, especially between sub-micron sized particles and the non-resonant 
background.  
Wear particles of polyethylene isolated from a pin-on-plate wear simulator were 
shown to be in a similar size range to those retrieved from revision tissue. When 
incubated in our model macrophage cells we were able to image areas of CARS 
signal that indicated the location of these particles in the cell. Furthermore, using 
multiple CARS images taken at different Raman resonances we were able to 
distinguish between three different polymeric compounds added to cells, showing the 
specificity of the technique. The inherent 3D sectioning capabilities of multiphoton 
microscopy were used to generate projected images of the cells and contents, as well 
as estimating the particle loads within cells.  
These results show that CARS could be an important tool in imaging intra-cellular 
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Total hip arthoplasty is a surgical intervention providing a long-term solution for 
worn or damaged hip joints which can cause severe pain and loss of mobility. At 
least 70,000 hip procedures are carried out annually in the UK. Although the typical 
hip replacement often outlives its intended use, many patients require revision 
surgery when an existing hip replacement has become worn or the supporting tissues 
have become weakened.  
A leading requirement for revision surgery is due to aseptic loosening around the 
implant. It is currently thought that wear debris generated from the motion of the 
articulating joint enters the periprosthetic space where it is phagocytosed by 
macrophages. These macrophages then release pro-inflammatory cytokines and other 
mediators of osteolysis, leading to the eventual loosening of the implant. 
Previous examination of post-operative tissue has been limited by the inertness of the 
materials involved. Characterisation of the wear debris from retrieved tissue usually 
involves liquefaction of the tissue and analysing the remaining portion of wear debris 
by SEM. Immunohistochemical staining of ultrathin sections of tissue reveals 
information about the type of cells and the presence of pro-inflammatory cytokines 
but is unable to identify much of the wear debris involved. 
Multiphoton microscopy techniques such two-photon excitation fluorescence 
(TPEF), second harmonic generation (SHG) and coherent anti-Stokes Raman 
scattering (CARS) spectroscopy provide new ways imaging cells and tissue in three-
dimensions. These techniques are capable of imaging cells and tissues without the 
use of added chemical labels, relying on the endogenous structural and chemical 
properties of molecules in the cell. The use of near infrared light also allows for 
deeper tissue imaging than more conventional techniques as higher wavelength 




This thesis explores how CARS microscopy can be used to study particles within 
cells. The CARS setup used in this thesis was custom designed at The University of 
Edinburgh and as such its functionality was largely unknown. We characterised our 
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CARS system and assessed its suitability in studying physiologically relevant wear 
particles. 
Key objectives that are explored in this thesis are: 
1. The use of Raman spectroscopy to record spectra of a variety of biological 
samples as well as materials used in prosthetic hips. This will help identify 
vibrational resonances that are present in these samples and could be a target 
for imaging with our CARS system. Raman mapping will also be used as a 
label free imaging technique to compare with CARS microscopy. 
2. Characterisation of wear debris from a pin-on-plate wear simulator will show 
that the wear particles produced are in the same physiological size range as 
particles retrieved from wear tissue. 
3. We will validate our CARS system showing that images produced are a result 
of four-wave mixing and that there is a vibrational enhancement of this 
process at Raman resonances. 
4. Model particles will be used to assess the abilities of our CARS system to 
image micron and sub micron sized particles. The effects of the detection 
geometry will also be examined to show the differences between forward or 
backwards scattered CARS signals. 
5. We will identify a suitable cell system that is both phagocytic and easy to 
manipulate to act as a model system to image particles within.  
6. We will image physiologically relevant particles within cells using CARS 
microscopy and use the inherent optical sectioning properties to show the 
particle location in 3D. 
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2 Literature review 
2.1 The hip joint 
The coxofemoral joint, (see Figure 1) or hip joint is a ball and joint socket consisting 
of the concave acetabulum of the os coxae bone (pelvis) as the socket to the spherical 
head of the femur (thigh bone).  
 
Figure 1 Radiograph of the coxofemoral joint. (Wikipedia)
*
 
The head of the femur is a ball like surface, covered in hyaline cartilage that 
articulates against a horseshoe shaped area of the acetabulum called the lunate 
surface that is also covered in cartilage. The joint itself is deepened by the presence 
of the acetabular labrum, a ring of cartilaginous material that helps to stabilise the 
joint, and provides a seal to enhance the lubrication of the joint.
2
 The head of the 
femur is attached by a ligament at the fovea, a small pit on the head of the femur. 
This is attached to the acetabulum notch, a deep notch found at the base of the lunate 
surface. This connection is not thought to play a significant role in stabilising the 
joint,
3
 especially when compared to the hip joint capsule, a dense fibrous structure 
attaching the femoral head and neck to the periphery of the acetabulum. The hip joint 
capsule is made up of three ligaments: the iliofemoral and pubofemoral anterior 
ligaments, and the ischiofemoral posterior ligament (see Figure 2). These ligaments 
constrain the range of motion of the joint preventing hyperextension and subsequent 
dislocation of the joint.
4,5
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The hip joint is a major load bearing joint in the human body. Whilst walking, the 
load through the hip joint can be more than five times body weight, and much larger 
still for athletic activities such as running.
6
 
2.1.1 Disease and damage 
Due to the constant high load through the hip joint, it is particularly susceptible to 
wear and tear and failure of weakened components. The more common aetiologies 
are discussed. 
2.1.1.1 Osteoarthritis 
Osteoarthritis presents itself clinically as pain and discomfort in the joints, often 
preventing full range of motion. In the UK almost 5% of the population over 60 
years of age is affected severely enough to require surgical intervention.
7
 A number 
of risk factors including genetic predisposition, obesity, joint misalignment, trauma 
and immobilization are thought to lead to cartilage breakdown.
8
 As the cartilage is 
degraded, the bone surfaces can be exposed and damaged, causing pain and 
inflammation, leading to decreased movement of the joint and muscle atrophy. 
Although a number of promising treatments are in development, a major problem is 
                                                 
†
 Reproduced from Gray’s Anatomy 1912 
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that the disease is often asymptomatic for decades, at which point the joint is already 
damaged and no existing treatment aside from total arthroplasty is effective.
8
 
Currently, osteoarthritis is the causative diagnosis leading to hip replacement in over 




Hip fractures are typically associated with the elderly with the lifetime risk to women 
over 50 as high as 15%. The cost to treat hip fractures in the UK alone is estimated at 
around two billion pounds.
11
 Hip fractures, due to their debilitating nature, often 
require extended hospital based treatment and further health and social care once 
patients are released from hospital.
12
 There is also a higher rate of morbidity 
associated with hip fractures in the population.
13
 The number of people suffering 
such a fate is expected to increase as the demographics of populations change to 
encompass more elderly people. Fractures typically occur in weaker spots in the 
bone, particularly around the femoral neck. Bone density loss due to aging is thought 
to play a role in the heightened risk,
14
 but the key injury factor is usually some kind 
of trauma, an accidental stumble or fall, for example.
15
 Overall, fractures are only 
responsible for a small number of the total number of primary joint replacements.
9,10
  
2.1.2 Total hip arthroplasty 
Total hip arthoplasty is one of the most successful surgical interventions developed, 
providing long term pain relief coupled with a joint survivorship of more than 80% at 
20 years post surgery.
16
 It can be used to treat a wide variety of diseases and trauma 
including, but not limited to: osteoarthritis, rheumatoid arthritis, developmental 
dysplasia, osteonecrosis, acute fracture, non-union of a fracture and post traumatic 
degenerative disease. Artificial joint replacement has advanced considerably since 




 with most modern hip 
replacements based on the work of the late Sir John Charnley who pioneered many 




A replacement joint usually consists of a femoral component, a stem and head made 
of metal, (stainless steel, cobalt-chromium or titanium alloys are popular choices) 
articulating against a polymeric acetabulum component (see Figure 3). The 
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acetabular cup is usually made from ultra high molecular weight polyethylene 
(UHMWPE) to help maintain durability, although ceramics or metallic components 
can sometimes be used. The components are held in place by 
polymethylmethacrylate (PMMA), a bone cement, although uncemented hip 
replacements are also performed.  
 
Figure 3 Diagram of an artificial joint. 
However, as total hip replacements are performed on increasingly younger patients 
the rate of joint survival decreases greatly. Patients younger than 50 years can expect 
to achieve only an 80% rate of joint survival after 10 years regardless of fixation 
technique and bearing combination.
19
 This has led to a resurgence of interest in 
alternative bearings and implant techniques, the most noticeable of these have been 
using cementless fixations with porous coated stems to allow bone ingrowths with 
early follow-up studies showing good results.
20,21
 Other studies into alternative 
articulations, metal-on-metal and ceramic-on-ceramic and cross-linked polyethylene 
have sometimes demonstrated lower in vivo wear rates than conventional metal-on-
polyethylene replacements though continued follow-up is required to demonstrate the 
individual benefits and risks associated with each fixture.
19 
A recent report published 
in The Lancet has suggested that high failure rates occur more commonly in metal on 
metal implants, with metal on polyethylene associated with the lowest risk of 
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revision.
22
 Metal on polyethylene remains the most commonly used materials in hip 
implants in the United Kingdom.
23
 
2.1.3 Hip replacements and revision 
In England and Wales, a reported 76,759 hip replacements were carried out in 
2010,
10
 whilst in the United States, where there is no national registry, the number is 
thought to be over 200,000.
24
 Although many hip replacements will outlast their 
recipients, the number of hip revision procedures (a procedure where part or the 
entire existing artificial hip is replaced) has been growing annually. In England and 
Wales 7,852 revision procedures were carried out in 2010
10
 whilst in the United 
States the number is thought to be around 36,000.
24
 This places a considerable toll on 
the health services. 
Only a small proportion of artificial joints that fail do so because of a direct 
component failure. These are often documented in case review papers as they may 





 can occur through poor design or material choice which 
leads to fatigue fractures. Examining these failures has helped to improve design and 
material choice and now component failure is found to be the cause of less than 2% 
of all hip revisions, and many of these may still be due to incorrect installation rather 
than a direct failure of the device.
10
 
Infection of the implant during or after surgery is a serious problem and is estimated 
to be responsible for around 13 to 14% of all revision operations, and the majority of 
two-stage revisions (revisions in which both parts of the artificial joint are 
replaced).
10,24
 Infection is thought to occur in approximately 1 in every 300 
operations. The implant surface itself can be colonised by the bacteria, where it 
forms a biofilm to protect itself against the host’s immune system and administered 




Surgical technique plays a large role in the survivability of the implant and the rate of 
revision has improved considerably since the adoption of techniques such as careful 
cleaning of the bone bed, compression and vacuum-mixing of the cement to improve 
its strength.
28
 Any implant that is installed misaligned may also need to be revised 
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due to instability in the joint. 6% of the joint revision surgeries in the UK were due to 
misalignment whilst a small number revisions (<1%) were due to the incorrect head 
or socket being fitted.
10
  
The most common cause for requiring revision surgery is aseptic loosening, which is 
listed as the cause of revision surgery in 45% of revisions of the UK, although lysis 
(14% of all revisions) is a more localised form and shares the same aetiology.
10
 
Aseptic loosening is caused by an immune reaction to the implant material, leading 
to the eventual loosening of the implant and is the main cause of revision surgery of 
long lasting implants. Aseptic loosening was the cause of only 18% of revisions at 
less than 2 years but was involved in over 90% of revisions where the artificial joint 
was 10 years old or older.
29
 
2.2 The causes of aseptic loosening 
The need to choose a biocompatible material, capable of withstanding the stresses of 
weight bearing was clear from the outset of hip replacement design. The late 1800s 
and early 1900s saw experiments with many different materials in an attempt to 
identify a hard wearing and biologically inert material.
30
 The early work of John 
Charnley, the father of modern hip design, floundered with the choice of 
polytetrafluorethylene (PTFE) as a synthetic articular cartilage. The PTFE underwent 
both excessive wear within two years (in contrast to laboratory predictions
31
) as well 
as the generation of wear particles that induced intense foreign body reactions.
32
 The 
move to UHWMPE, a hard wearing and biologically inert material helped to usher in 
the modern era of hip replacement design, a material that is still used almost 6 
decades later.
33 
 Aseptic loosening is typically characterised as bone resorption without infection that 
leads to the loosening of the implant. It is currently the main indication of hip 
revision surgery for implants older than 10 years.
29
 The causes of aseptic loosening 
may in fact be multi-factorial, with many different elements from genetics, to 
mechanical wear being involved to some degree.
34
 But most reviews highlight the 
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Osteolysis is the loss of bone material, and may occur in general around the implant, 
or localised in particular areas. Bone growth, and bone destruction is mediated by 
osteoblasts and osteoclasts respectively. Osteoclasts can be formed from macrophage 
cells as well as other cells from the monocyte lineage. Osteoclast formation is 
thought to be caused by the release of soluble factors including receptor activator of 
nuclear κ beta ligand (RANKL) in conjunction with other factors such as 
macrophage colony stimulating factor (M-CSF), interleukin 1 α (IL-1α) and tumour 
necrosis factor α (TNF-α).
40,41
 Osteoblasts express RANKL and TNF-α that stimulate 
osteoclast formation, whilst osteoclasts are thought to recruit osteoblasts though 
sphingosine 1-phosphate and other chemokines.
42
 In normal conditions, bone that is 
resorbed by osteoclasts, is in turn replaced by osteoblasts in a finely controlled 
fashion. Upsetting this balance can lead to an increase in bone resorption. 
Implant material, including the polyethylene liner, undergoes many repeated 
articulation cycles over its life-span,
43
 this causes small particles to be worn away 
from the surfaces. These particles have been retrieved from tissues (see chapter 2.3 
for more details) around the prosthetic joint but can also be found more widely 
disseminated in other areas of the body.
44
 It has been demonstrated in vitro that 
adding wear particles to cultures of macrophages can induce the release of a number 
of pro-inflammatory, and pro-osteolytic cytokines
45
 including: TNF-α, IL-1α, IL-6, 
granulocyte macrophage colony-stimulating factor (GM-CSF) and prostaglandin E2, 
(PGE2).
36,38,46-53
 Phagocytosis of particles has also been shown to trigger bone 
resorption in macrophages.
54
 In vivo assays have demonstrated that UHMWPE 
particles increase RANK, RANKL,
55
 IL-1α and TNF-α expression,
56,57
 as well as 
tartrate-resistant acid phosphatise staining (a marker for osteoclasts).
57
 This upset of 
the normal balance of cellular signalling is thought to lead to increased osteoclast 
recruitment and localised osteolysis near the joint.
35
 
2.3 Wear particles, retrieval and analysis 
2.3.1 Imaging in tissues 
The exact nature and location of wear particles generated from prosthetic joints has 
long been a topic of study, hampered by the difficulty in identifying polyethylene 
particles within tissues due to the lack of specificity in adding tag molecules to aid 
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identification. Histological examination of retrieved revision tissue allows for the 
gross examination of affected tissues by both normal and polarised light microscopy. 
Polyethylene particles show a bright birefringence under polarised light, which 
serves as one method for their examination in tissue.
58
 Lee et al. 
59
 used polarised 
light and an apparent magnification of 320× to investigate the size of polyethylene 
particles in failed, non-infected, cemented, total hip replacements. They showed a 
mean size of polyethylene debris to be 2-4 μm in the short dimension and 8-13 μm in 
the long dimension. Pazzaglia et al.,
60
 reported that in aseptically loosened cemented 
hip revisions polyethylene particles were never less than 3 μm with the smallest 
particles phagocytosed by mononuclear cells but larger particles were engulfed by 
multinucleated giant cells or surrounded by a fibrous tissue capsule. They noted that 
small polyethylene particles did not exhibit any definite relation with the cytoplasmic 
membrane. Bos
61
 studied 128 revisions performed after an implant duration of 
between three months and 19.5 years as well as 40 autopsy specimens. Polyethylene 
particles were found to vary in diameter from 0.5 μm to more than 1 mm with those 
of over 30 μm surrounded by multinucleated giant cells. Wear debris was visible in 
revision samples where the implant was only 3 months old. Bos also noted that 
polyethylene wear appeared to be concentrated in the interface membranes of the 
acetabulum, with even distributions in all other localizations examined. Marowietz et 
al., 
62
 looked at revision samples from 370 total joint arthoplasties (218 hip, 56 knee 
and 96 with no location attached). They found that polyethylene particles exceeding 
an area of 5 μm
2
 were frequently found in multinucleated giant cells with smaller 
polyethylene particles of around 2 μm
2
 found in macrophages. Larger particles of up 
to several mm were inferred by void spaces due to their removal during the 
sectioning of tissue into slices thin enough to examine with light microscopy.  
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Figure 4 Light microscope image of a haematoxylin and eosin (H&E) stained section of revision 
tissue. Broad arrow shows a multinucleated giant cell containing large polyethylene particle 
found together with macrophages (small arrow). Original magnification: 400×. Adapted from a 
figure in reference 62. 
Oil red is a potential stain for polyethylene as well as polymethylmethacrylate
58
 but 
has also seen use as a lipid stain.
63
 Hansen et al.,
58
 examined revision tissue from 9 
samples of failed uncemented total hip replacements. They found that due to the non-
specificity of the oil red staining it was unclear whether staining of parts of the cell 
were due to small polyethylene particles or just lipids. However, when examined by 
transmission electron microscopy (TEM) it was found that many cells contained 
membrane bound vesicles containing heteromorphous particles. Urban et al,.
44
 
similarly used oil red to identify polyethylene particles in the lymph nodes of post 
mortem samples from cadavers with total joint replacement. Polarised light revealed 
particles varying in size from 1 μm to 30 μm with the use of thermal analysis and a 
Fourier transform infrared microprobe spectrometer confirming that their 
characteristics were consistent with those of polyethylene. Oil red staining was 
consistent with polarised light detection but staining was also present in control 
samples, suggesting that other long-chain hydrocarbons could be responsible. 
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Figure 5 Light microscope images from revision tissue stained with oil red. A. Serial section of 
the tissue stained with H&E showing numerous oil red positive cells. Magnification 400×. B. 
Mulberry-like tissue area containing a few black particles that are not stained with oil red, 
whereas large extracellular PE debris (marked by asterisk) are strongly stained by oil red. 
Original magnification: 300×. Adapted from a figure in reference 58. 
It is clear from the variety of sizes and distributions of particles found that light 
microscopy may not be the ideal method to accurately image particles within cells 
due to the subjective nature of particle identification. In particular smaller particles, 
such as those less than 0.5 μm appear to be difficult to resolve with any accuracy as 
they are close to the diffraction limit of an optical microscope. The inability to 
specifically stain polyethylene may also lead to other particles (such as those from 
bone cement) being misidentified as polyethylene.  
TEM has also been used on clinical specimens to help provide much greater 
magnification levels than light microscopy.
59
 This is often carried out in addition to 
secondary detection methods such as x-ray analysis to help confirm the particle’s 
nature. This is most useful when examining electron dense materials such as metals. 
Polyethylene fibres with their low atomic numbers give rise to a poor back scattered 
electron signal in SEM and appear as electron transparent areas in TEM.
60
 Hansen et 
al.,
58
 observed membrane bound vesicles that varied in size containing 
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heteromorphous particles occasionally showing lamellar patterns. They attributed 
these particles to submicron polyethylene particles. Zaloudek et al.,
64
 similarly 
observed many birefringent particles when viewed under polarised light from 5-10 
μm in length down to the limit of microscopic resolution. Under electron microscopy 
the histiocytes were shown to contain innumerable cytoplasmic membrane bounded 
inclusions filled with lamellated dark-staining materials. These were interpreted as 
lysosomes containing phagocytosed fragments of polyethylene, as well as larger 
angular or needle like inclusions. 
 
Figure 6 Histiocytes studied by electron microscopy, showing numerous membrane bounded 
cytoplasmic inclusions compatible with lysosomes (arrow). These had a lamellar internal 
structure and contained numerous needle like inclusions of variable size (arrowheads). The 
lysosomal contents most likely represent phagocytosed polyethylene. Original magnification: 
12,000× magnification. Adapted from a figure in reference 64. 
TEM offers a far superior level of spatial resolution to light microscopy, however, 
positive identification of particles as polyethylene is still a challenge as there is no 
specific staining of the particles. Sample preparation techniques such as dehydration, 
sectioning and staining can all alter the location of particles within the cells. 
2.3.2 Wear retrieval 
Retrieval of wear debris from revision tissue offers another method of examining the 
volume, size and morphology of wear particles produced from in vivo wear. Methods 
of extraction from tissue typically involve chloroform/methanol lipid extraction 
followed by whole tissue dissolution in sodium hydroxide
65
 or potassium 
hydroxide.
66,67
 Particles can then be isolated using ultracentrifugation through layers 
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of known densities or gradients and then filtered through polycarbonate membranes 
for further analysis.
65,67,68
 Visentin et al.,
69
 used a different technique designed to 
minimise the loss of any debris. Sections of removed tissue were placed on to a 
polycarbonate membrane and then the tissue was dissolved with sodium hypo 
chlorite before flushing through with previously filtered water. 
Separating the particles allows for chemical characterisation of the recovered wear 
debris. Energy dispersive X-ray analysis helps to eliminate non-polyethylene 
particles, but polyethylene itself cannot be positively identified in this fashion.
67,68
 
Micro-Raman spectroscopy and Fourier transformed infrared spectra allow for more 




Analysing the size and distributions of retrieved wear particles can be achieved in a 
number of ways. One approach is to use SEM to visualise particles on a 
polycarbonate membrane.
67-71
 Using field emission gun-scanning electron 
microscopy (FEG-SEM) allows characterisation of particles down to a few tens of 
nanometres. Although detailed characterisation of area, perimeter and aspect ratio are 
possible, any measurement of volume will be an estimation.
67,69
 Low angle laser light 
scattering allows for an entire sample to be measured non-destructively and avoids 
any artefacts associated with filtering, drying and agglomeration of debris but is not 
able to give a detailed morphological look at each particle.
72
  
Retrieval studies of polyethylene from periprosthetic tissue have demonstrated that 
the majority of wear particles found are under 0.5 μm in size, with many particles 
found in the nanometre size domain.
65,67,73
 Figure 7 shows an example result from 
Zolotarevova et al., who studied four patients using a number of different 
centrifugation speeds. Particle size was assessed using SEM and the purity, the 
contamination from other retrieved particles, was measured using IR spectra.  
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Figure 7 Particle size distributions for four studied patients. Error bars are calculated as 
estimated standard deviations of the corresponding average. Adapted from a figure in 
reference 73. 
Particle size has been shown to play a significant role in the response elicited from 
cells. It has been reported that particles over 10 μm in size elicit less severe responses 
than those under 10 μm, and that those under 1 μm generate the greatest response in 
in vitro studies.
52,74,75
 It has also been reported that particles of smaller sizes 0.15 and 
0.21 μm either generated more benign or non-significant responses
75,76
 although 
other reports have disagreed with this, possibly due to the different particle sources 
and cells used.
77
 The shape of the particle has also been suggested as a factor for 
different cellular responses.
76,78,79
 This should be an important consideration given 
the multitude of differences in particle shapes found in vivo,
65,67
 simulated wear 
debris and in commercial powder preperations.
80
 
2.4 Raman spectroscopy 
Raman spectroscopy relies on the inelastic scattering of light from molecules to 
gather information about the chemical bonds in the sample. When light interacts with 
a molecule it can be scattered either elastically, as shown in Figure 8 A, or it can be 
scattered inelastically - where some energy is gained or lost in the process, as shown 
in Figure 8 B and C. 
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Figure 8 Energy diagrams of light scattering A. Elastic scattering B. Inelastic scattering with a 
Stokes shift. C. Inelastic scattering with an anti-Stokes shift. 
Every bond has a set of vibrations with different energy levels associated with it. 
These depend on the atoms involved, as well as the environment in which they are 
found in. Figure 9 shows the fundamental vibrations that occur in a CH2 group which 
include: stretching, wagging, rocking, twisting and scissoring, each of which have 
their own associated energy levels. When a photon is inelastically scattered, some of 
this energy is transferred into increasing a vibrational energy level in the molecule. 
A Raman spectrum of a molecule can be taken by shining a monochromatic laser 
source at the sample and then measuring the energies of the scattered photons to 
provide a spectrum. Each of these vibrations shows as a peak in the spectrum, 
although sometimes there is an overlap and mixing which may broaden or hide some 
peaks. As each set of vibrations are unique to not just the bond and the atoms 
involved, but also to the environment they find themselves in, it is possible to 
identify many compounds from a generated Raman spectrum.  
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Figure 9 Raman active vibrations of a CH2 group. A-D show the in plane stretching modes 
whilst E and F show the out of plane stretches. 
As Raman spectroscopy depends on light, and the chemical bonds in the substance, it 
is said to be a label-free technique as no exogenous tag molecule is required to 
generate a signal for the Raman spectra. Light is also is able to penetrate cells and 
tissues which means that very little sample processing is necessary to prepare a 
sample for Raman spectroscopy.  
Standard Raman spectroscopy takes a single spectrum from a sample which provides 
chemical information, but no spatial information from the sample (see Figure 18 for 
an example spectrum). Confocal Raman aims to generate this spatial information 
using confocal detection of the Raman active photons to build an image of the cell. 
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Confocal Raman (using a pinhole to remove out of focus scattered light) has been 
used to study the storage and degradation of lipids within macrophages,
81
 lipid 
bodies associated with latex bead containing phagosomes,
82
 as well the delivery and 
degradation of polymeric micro and nanoparticles.
83,84
 
The drawback with Raman is that for biological samples, it can take upwards of 5 
minutes to obtain usable data. Only a small proportion of scattering photons are 
involved in a Raman active collision, requiring slow scan rates. Confocal Raman 
systems can need up to 1 s or longer pixel dwell time to generate enough data for an 
image
83
 which usually leads to low resolution images as well as the use of fixatives 
to prevent the sample from moving. 
2.5 Multiphoton spectroscopy – two photon excited fluorescence 
and second harmonic generation 
Multiphoton imaging is emerging as a new tool for viewing biological processes.
85
 
Two photon excited fluorescence (TPEF) is the most widely used multiphoton 
technique with many advantages over standard confocal fluorescence. Two lower 
energy photons are absorbed near simultaneously to produce the same effect as a 
single photon of higher energy. The use of lower energy, longer wavelength photons 
allows for better depth penetration than standard fluorescence as the degree of light 
scattering is inversely proportional to the fourth power of the light wavelength. Only 
where the excitation beam is tightly focused are the conditions optimal for the two 
photon absorption. Two photon excitation helps in a number of different ways: 
reducing background fluorescence, photobleaching and photodamage, as well as 
providing sub micrometer resolution with excellent three-dimensional sectioning. A 
limitation of TPEF is its reliance on an endogenous or introduced fluorophore to 
generate contrast, something which is not always available. 
Many biological materials are ordered, polarisable, noncentrosymmetric structures 
which allows them to generate second harmonic light. This second harmonic 
generation (SHG) differs from TPEF in that it does not involve an excited state but a 
coherent hyper Rayleigh scattering. No energy is lost and the generated light is 
exactly twice the energy of the incident photons. As a result of this, there is no 
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photobleaching effect as there are no excited states to depopulate. SHG’s nonlinear 
nature allows it to share TPEF’s optical sectioning capabilities. Protein arrays such as 
collagen, actomyosin and tubulin all exhibit observable SHG signals giving 
information about the sub-micrometer and micrometer scale assemblies.
86
  
2.6 Optical Resolution 
The ability of a microscope to separate small objects is often known as the resolving 
power or angular resolution. It is usually defined through the Rayleigh criterion, 
which states that two objects of the same intensity should be considered resolved 
when the first maxima of one object coincides with the first minimum of the other. 
87
 
It is dependent on a number factors but its absolute limit is governed by the 
wavelength of the light used in the system. German physicist Ernst Abbe calculated 
that the smallest spot that light can be focused into is calculated by:88 
   
 
         
 
Where d is the diameter, λ the wavelength of light, and n is the refractive index. 
n sin Ɵ is often referred to as the numerical aperture (NA).  
This gives us a means of calculating where the first minima of the resulting 
diffraction pattern will occur: 
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Where r0 and z0 are the lateral and axial limits respectively and give the theoretical 
limit for a system. For simplicity, the full-widith-at-half-maximum (FWHM) is used 
as an approximation for these factors instead to determine the resolution of a system. 
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2.7  Multiphoton microscopy - CARS spectroscopy 
2.7.1 Theory and simulation 
Coherent anti-Stokes Raman scattering spectroscopy (CARS) is a type of 
multiphoton microscopy that relies on a four wave mixing process. This 3
rd
 order 
non-linear optical process involves the interaction of three photons to produce a 
fourth at the anti-Stokes frequency. 
Incident laser beams at frequencies designated ωp and ωs (pump and Stokes) interact 
through the third-order nonlinear susceptibility tensor (χ
(3)
) to generate a polarization 
component which produces coherent radiation at frequency 2ωp-ωs, (ωCARS or ωas) 
(see Figure 11). The coherent nature allows molecules to constructively interfere 
with each other when generating CARS signals, creating a much larger signal than 
standard Raman spectroscopy. This process requires that the incident laser beams are 
properly phase matched.  
Several different beam geometries are able to resolve the conditions to allow the 
correct phase matching (a condition where the amplitude contributions from the 
different sources are all in phase) to occur and more common examples are shown in 
Figure 10. 
 
Figure 10 Some CARS phase matching approaches. A. General. B. Collinear. C. Crossed beam 
or BOXCARS. Adapted from a similar figure in reference 89. 
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For CARS microscopy the use of a lens with a high numerical aperture allows a tight 
focusing of the beams, relaxing the phase matching conditions. This is due to the 
large cone of wave vectors and short interaction length. The small excited volume at 
the laser foci also leads to efficient background signal rejection.
90
  
If the phase matching conditions are met, the CARS intensity is a squared modulus 
of the induced non-linear polarization:
91
 
           
    
where Ep
2
 is the combined pump field Ep(ωp) and probe field E’p(ω’p), Es is the 
Stokes field and χ
(3)
 is the third order susceptibility tensor.
92
 The third order 
susceptibility tensor, χ
(3)
, can be given as a generalised expression:
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where Ω is the resonant Raman vibrational frequency, AR and iΓR are the strengths 
and the dampening factors (Raman scattering cross-section and half width at half 
maximum) respectively, of the vibrationally resonant contribution (Figure 11 A). 
   
   
 represents the non-resonant contribution (Figure 11 B). ωt is the frequency of the 
two photon electronic transition where At and iΓt are the strengths and dampening 
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Figure 11 Energy diagrams showing: A. Resonant contribution, B. Non-resonant contribution, 
C. The two-photon enhanced non-resonant contribution. 
Note that for simplicity the many different two photon (ωp+ωs, 2ωs etc) and one 
photon electronic transitions are not included.    
   
 and the two photon enhanced non-
resonance contributions can be combined into a real number,    
   
, whilst the resonant 
contribution can be shown as   
   
 giving: 
       
   
    
   
 
The mixing between the resonant and non-resonant terms also contributes to the 
CARS spectrum. The mixing term is negative when ωp-ωs > Ω and positive when ωp-
ωs > Ω. This creates a red shift of the maxima in the CARS spectra compared to the 
Raman spectrum as well as negative dip in the blue. The detuned spectrum and 
components are shown in Figure 12. This makes direct comparison with existing 
information in the literature on Raman more difficult. Spectral interference between 
two or more resonances may also result in distorted line shapes leading to 
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Figure 12 Three components of the CARS signal plotted as a function of detuning. Shown are 
the resonant term (dashed), the non-resonant background (dotted) and the mixing term (solid). 
Adapted from a similar figure 95. 
The advantage of CARS over spontaneous Raman can be quickly attributed to the 
higher conversion efficiencies for similar incident laser powers. CARS signals were 
shown to be over 5 orders of magnitude higher and the use of near infrared 




The varying contributions of the resonant and non-resonant components of the CARS 
signal are highly dependent on the spectral pulse widths of the incident pump and 




   
  
  
      
        
    
  
   
where Ei is the pump or Stokes field, Δi is the full widths at half-maximum of the 
pump or Stokes fields and Ai is a constant relating to the peak intensities. The 
prefactors keep the pulse energies the same when changing the spectral width. As 
Figure 13 shows, the dependence of both the resonant and non-resonant CARS 
signals increase with the pulse spectral width. Whilst the non-resonant signal shows a 
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Figure 13 Intensities of the resonant and non-resonant signals as a function of the spectral 
widths of transform-limited pump and Stokes pulses with constant energies. Adapted from a 
similar figure in reference 97. 
Raman line widths are typically condensed, usually much narrower than that of a 
femtosecond pulse. As only specific spectral components where the frequency 
differences lie within the Raman spectral profile can add to the CARS signal 
generation it is more desirable to use picosecond pulses which more closely match 
Raman line widths; this will add to the spectral resolution and sensitivity.  
The use of near infrared lasers allows a significant improvement in signal to 
background ratio in CARS detection, due to the reduced scattering compared to 
lower wavelength light, but still contains significant amounts of non-resonant signals 
from the surroundings that can overwhelm the resonant CARS signals. This is 
particularly important with small objects when collecting the forward generated 
CARS signal (forward CARS, or F-CARS).
90 
To further reduce this non-resonant 
background the CARS signal can be collected in the backwards direction (epi-
detected CARS, or E-CARS). A diagram of a CARS microscope setup that shows the 
illumination and detection paths of both F-CARS and E-CARS is shown in Figure 
15.  
The backward CARS signal is highly dependent on the size of the scattering object 
as shown in Figure 14. 
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Figure 14 Forward and backward-detected signals as a function of the diameter of a spherical 
sample in a co-propagating beam geometry. Adapted from a similar figure in reference 91. 
The backwards detected CARS signal has the same intensity as the forward signal 
when the scatterer diameter (D) is much smaller than the pump wavelength (λp). The 
first maxima is reached at D = 0.3 λp whilst at D = 8 λp the signal is 10
5
 smaller than 
the equivalent forward detected signal. The oscillations in the backwards signal are 
due to the interference effects associated with the large wave vector mismatch in the 
backwards direction. The forward detected signal saturates at large diameters which 
leaves a large resonant and non-resonant contribution from the bulk medium that a 
sample is imaged in. The size discrimination of the backwards detected CARS signal 
effectively removes this unwanted background signal from the solvent that the 
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Figure 15 Schematic of the configurations for the F- and E-CARS microscopy with collinear 
pump and Stokes beams with confocal detection in the forward and backward directions. 
Adapted from a similar figure in reference 98. 
CARS microscopy is also theoretically able to monitor changes in shape, or tumbling 
motions as the radiation pattern depends not only the size, but also on the shape of 
the scattering object. Figure 16 shows the radiation pattern from a rod, sphere and 
disk of the same volume. 
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Figure 16 Far-field radiation patterns from scatterers centred at the focus with the same volume 
but with different shapes. The rod has a diameter of 0.2λp and an axial length of 2.0λp. The 
sphere has a diameter of 0.78λp. The disk has a diameter of 0.89λp and a thickness of 0.1λp, 
Shown in parentheses are the intensity ratios between samples of different sizes and shapes. 
Adapted from a similar figure in reference 91. 
The effect of the refractive index changes between the surrounding bulk media and 
the object being imaged is often, conveniently, omitted from theoretical calculations 
of CARS radiation patterns for simplicity, even though such situations will be rare 
experimentally.
91,92,97,98
 Wave optics based simulations using a commercial finite-
difference time-domain (FDTD) software show that with a high refractive index 
mismatch between solvent and scatterer, the excitation beam focal point becomes 
trapped within the scattering object as shown in Figure 17 A.  
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Figure 17 FDTD calculation in a 2μm polystyrene bead centred at z = 4μm. A. Excitation 
Poynting intensity mapping Iex(x,z) (λ = 800nm, waist 0.5μm) in the bead settled on a glass-air 
interface (z = 3μm, white line). In the absence of the bead the beam focuses at the  zlaser = 4; 5 
and 6μm (dashed lines). B. zmax versus zlaser for the bead embedded in various media (oil, agarose 
and air). Adapted from a similar figure in reference 99. 
As the refractive index of the bulk medium (air, n = 1; agarose gel, n = 1.33; and oil, 
n = 1.45) diverges from that of the scattering bead (polystyrene, n = 1.6) the focal 
point of the beam remains confined within the bead (Figure 17 B), giving the effect 
of an elongated image in the z axis. The FDTD simulation also shows that 4.5% of 
the forward CARS emission is back reflected by the upper bead surface in air. Given 
the differences in detection efficiencies for forward and backward CARS signals this 
could be a major contributor to the epi-detected signal.
99
 
2.7.2 Experimental characterization  
The performance of the early CARS microscopes was dominated by the difficulties 
of the non-resonant background and the loss of signal at low molar concentrations 
probably due to the use of broad spectral pulses from femtosecond lasers. Imaging 
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biological tissue was particularly difficult due to the small concentrations of resonant 
chemical bonds within the cell sample. Soaking tissue in D2O to image a resonance 
in a spectrally silent region or to remove any heating effects due to an H20 absorption 




Working with model particles such as polystyrene beads has proved to be a more 
useful tool in the characterisation of CARS microscopy systems. The Raman spectra 
of polystyrene (shown in Figure 18) includes a number of isotropic peaks within the 
fingerprint regions (1000-2000cm
-1
) as well as characteristic CH2 symmetric and 
asymmetric stretches in the 2800-3000cm
-1
 region. The C-H stretch region is of 
particular interest due to the large lipid contribution to cellular spectra from the alkyl 
chains of lipids.
100-103
 Polystyrene beads are also available in commercially prepared 
suspensions at well defined sizes, as well as conjugated with a variety of 
fluorophores. 
 
Figure 18 Raman spectra of polystyrene. Adapted from a similar figure in reference 102. 
CARS spectra are difficult to obtain as each measurement requires the Stokes 
frequency to be tuned point-by-point. This usually limits measurements and 
comparisons to narrow portions of the Raman spectrum. Figure 19 shows a CARS 
spectrum obtained with a constant pump (ωp = 854nm) and a variable Stokes (ωs 
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tuned in 2nm steps from 1,120nm to 1,170nm). The repetition rate of the laser was 
250 kHz. The spectral resolution was around 60cm
-1
 which reduces the ability to see 
sharp spectral features. The resonant CARS signal was normalized to the non-
resonant background (<5% of the resonant signal) to compensate for intensity 
variations associated with wavelength changes of the Stokes beam.  
 
Figure 19 CARS spectrum (crosses with solid lines) of a 910 nm diameter polystyrene bead. 
Adapted from a similar figure in reference 90. 
Peaks at 2851 and 2902cm
-1
 are assigned to C-H stretching vibrations in the polymer 
backbone (see Figure 20 B) whilst the peak at 3054cm
-1
 is due to the phenyl C-H 




Figure 20 Common Raman active modes used in CARS spectroscopy. A. Phenyl group C-H in 
plane stretching (3010-3120cm
-1
). B. Polymer chain C-H stretch (2800-3000cm
-1
). C. Phenyl 
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Figure 21 shows a similar CARS spectrum to that shown in Figure 19, a polystyrene 
film coated on a cover slip was measured with a constant pump (ωp = 712 nm, 
average power of 140 μW) with variable Stokes wavelength (average power around 
65 μW). A pulse duration of 5 ps with a repetition rate of 80 MHz was used.
97
 The 
spectrum is more detailed not only due to the increased number of samples taken but 




Figure 21 CARS spontaneous Raman spectra of a polystyrene film coated on a cover slip. 
Adapted from a similar figure in reference 92. 
Figure 22 show similar spectra centred on the 1600 cm
-1
 Raman shift associated with 
C-C quadrant stretches in the phenyl ring of polystyrene (see Figure 20 C). Figure 22 
A was taken with an average pump power of 780 μW and an average Stokes power 
of 390 μW with the pump frequency fixed at 13,325 cm
-1
. A pulse duration of 5 ps 
with a repetition rate of 80 MHz was used.
97
 Figure 22 B was taken with an average 
pump power of 100 μW and an average Stokes power of 50 μW with the pump 
frequency fixed at 13,505 cm
-1
. A pulse duration of 5 ps with a repetition rate of 
80 MHz was used.
97
 Both curves exhibit a strong red shift in their peak positions 
compared to the spontaneous Raman spectra as well as a dip in the higher wave 
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Figure 22 CARS spectra of polystyrene. A. F-CARS and spontaneous Raman spectra of a 
polystyrene film spin coated onto a cover slip. B. F-CARS spectrum of a single polystyrene bead 
of 1 μm diameter spin-coated on a cover slip. . Adapted from similar figures in references 91,97. 
Figure 23 shows two and one dimensional scans of 6.2 μm polystyrene beads 
embedded in an aqueous solution with near matched refractive index and no 
interfering Raman peaks in the region imaged. The pump wavelength was fixed to 
730.3 nm and the Stokes wavelength was scanned between 784.4 and 793.3 nm in 
order to probe the aromatic ring breathing. Single bead scans are along the equatorial 
plane with the intensity normalised to that of the aqueous solution.
104
 In Figure 23 B 
and D there are clear dips in the CARS intensity at the interface between the bead 
and the surrounding medium. This effect has been shown to be more pronounced 
when the refractive index mismatch between the scattering object and the bulk 
medium is greater and has been attributed to destructive interference between the two 
anti-stokes fields produce by the differing mediums of bead and solvent.
98,104,105
 The 
other point to note is the inverted image (Figure 23 C) that appears when the 
frequency scanned is around the spectral dip due to the negative value of the mixing 
term (see Figure 12 for details). 
Figure 24 A shows an E-CARS image of 0.1 μm polystyrene beads in agarose gel. 
Unlike F-CARS signals, E-CARS images do not exhibit any dips in signals where 
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there are refractive index changes. This is most likely due to the effective rejection of 
the background signal. Additionally, the full width at half maximum (FWHM) of E-
CARS images are better than those of F-CARS signals (see Figure 24 B and C) and 





Figure 23 Two and one dimensional scans of a 6.2 μm polystyrene bead embedded in an aqueous 
solution around the 1003 cm
-1
 polystyrene resonance. The pump and Stokes powers are both 
equal at 500 μW with 76 MHz repetition rate and a 3 ps pulse duration. A. Bead image on 
resonance. B. One dimensional scans across dotted line for various Raman resonances. C. Bead 
image off resonance. D. One dimensional scans across dotted line for various Raman 
resonances. The pump and Stoke beams linear polarizations are indicated by the white arrows. 
Adapted from similar figures in reference 104. 
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Figure 24 E-CARS and F-CARS images and scans of polystyrene beads. A. E-CARS lateral (xy) 
image of 0.1μm polystyrene beads embedded in agarose gel and inset E-CARS intensity profile. 
B. F-CARS and C. E-CARS intensity profiles of a polystyrene bead with 535 nm diameter on a 
glass cover slip and covered in water. Raman shift was centred at the 1600 cm
-1
 with average 
power of 50 and 25 μW for pump and Stokes lasers with a 250 kHz repetition rate and 110 fs 
pulse duration). Adapted from similar figures in references 98,105. 
The ability of CARS to pick out different chemical compounds is shown in Figure 25 
which contains both polystyrene and PMMA. Images were recorded with the pump 
wavelength at 752 nm with a power of 20 mW. The Stokes laser was quickly shifted 
to give ωp-ωs as 2845 or 3054 cm
-1
 by manually translating the OPO crystal mount 
which could be performed at sub-second rates. The laser generated a 1.2 ps pulse at 
76 MHz repetition rate. This grants the ability to look at two different wavenumbers 
in the same sample and rapidly switch between then. The Stokes power was 
approximately 40 mW. Polystyrene contains both C-H aliphatic vibrations around 
2845 cm
-1
 and C-H aromatic vibrations around 3055cm
-1
 whilst PMMA only 
contains C-H aliphatic vibrations. The picture captured at 2848cm
-1 
shows both the 
large polystyrene beads and smaller PMMA beads, whilst switching to 3035cm
-1
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Figure 25 CARS images of a mixture of 10μM polystyrene beads and 1.4μM PMMA beads at 
Raman shifts of: A. 2848cm
-1
 and B. 3035cm
-1
. Adapted from a similar figure in reference 106. 
2.7.2.1 Backwards scattered CARS signals 
The back scattered E-CARS signal has been shown to contain a significant 
contribution from a back reflected F-CARS signal. This contribution was examined 
using 2 μm latex beads on glass cover slips with a pump power of 0.2 mW and 
Stokes power of 0.1 mW. The laser had an 80 MHz repetition rate and 3 ps pulse 
duration. The lasers were tuned to image at the Raman shift centred around 1600 
cm
-1
. Figure 26 shows the F-CARS and E-CARS signals while scanning along the z 
axis at the centre of the bead on the xy plane. As the refractive index mismatch 
between the bulk solvent and the latex bead decreases, the back collected signal 
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Figure 26 F-CARS (triangles) and E-CARS (squares) profiles along the z axis for 2μm beads 
embedded in different media of refractive index n. A. Air, n = 1; B. Agarose gel, n = 1.33; C. oil, 
n = 1.45. Adapted from a similar figure in reference 99. 
The differences between F- and E-CARS collected signals can be seen in Figure 27. 
A-D were taken with a pump frequency of 12,242 cm
-1
 and power of 20 mW, and 
Stokes frequency of 9,398 cm
-1
 and power of 15 mW. The laser had a 76 MHz 
repetition rate and 6 ps pulse duration. E-F were taken with a pump frequency 
14,170 cm
-1
 and power of 39 mW, and a Stokes frequency of 11,330 cm
-1
 and power 
of 17 mW. The repetition rate was 76 MHz and the pump and Stokes pulses were 
around 2 and 3 ps respectively. The CARS images from the adipocytes have the ωp-
ωs tuned to the symmetric C-H2 stretch found in lipids. The F-CARS images show 
the lipid droplets in the cell, whilst the E-CARS image is absent from most lipid 
drops instead showing a signal from the edge of some of the droplets. This has been 
be attributed to newly emerging lipid drops that exhibit strong E-CARS contrast due 
to the size-dependent nature of the E-CARS signal. Back reflection of the F-CARS 
signal may also be responsible for the occurrence of E-CARS signals collected at the 
centre of the larger lipid droplets.
107
 Figure 27 E shows 1 μm melamine beads with 
the F-CARS signal shown in red and E-CARS shown in green. This data in some 
respects contradicts the previous example as the F-CARS signal can be seen arising 
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from the central region of the bead, whilst the E-CARS signal is present across the 
entire bead (see Figure 27 F for line traces).
108
 These images are good examples of 
the complementary data that can be gathered from the two different methods of 
collecting the CARS signal. 
 
Figure 27 F and E-CARS images. A-C Time-gated CARS images of MSC-derived adipocytes. A. 
F-CARS, B. E-CARS, C. Overlay of the F- and E-CARS images, D. Line section of the CARS 
signals as indicated by the white line in C. E. CARS image of 1μm melamine beads with a fiber 
delivered laser source, F-CARS in red; E-CARS in green. F. Line section of the CARS signal 
indicated by the white line in E. Adapted from a similar figures in references 107,108. 
2.7.3 CARS in biological systems 
CARS instrumentation has long been developed with a goal for imaging cells and 
other biological material. A vibrational microscopy technique offers chemical 
selectivity without the need for exogenous labels or relying on a limited native 
fluorescent signal. This allows untreated live cells to be imaged, as well as tissue 
samples. 
In biological samples the strongest signals are seen from lipids in the C-H stretching 
region, around 2800-3000 cm
-1
, and much of the CARS literature is based around the 
use of CARS to view lipids in cells as they provide good contrast between the cell 
and its surroundings. Lipids also play an important role in many cellular functions: 
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they are the major constituent of cell membranes, they serve as an energy store and 
they are also used as cellular messengers.
109
 Although lipids can be visualised using 
added fluorescent lipid molecules, introducing these molecules into a sample can be 
a challenge, and cells often require fixation to allow the tagged molecule to enter the 
cell. The newly introduced fluorescent lipid may also affect the structural and 
biological properties of the membrane it intercalates into due to the bulky fluorescent 
tag.  
CARS’ ability to image lipids label-free is particularly important when imaging 
lipids in living cells or organisms such as in Caenorhabditis elegans, a model 
organism used in exploring lipid interactions. Fluorescent tags can be introduced 
through adding fluorescently labelled lipids to the diet. However, the distribution of 
these lipids in the organism may not be perfectly even. Genetic defects, particularly 
those linked to lipid uptake and storage can alter how these lipids are incorporated 
across the organism.
110
 As CARS images do not depend on an introduced tag 
molecule, it is free from artefacts that can be caused by differential staining of 
regions of interest. 
CARS can also be useful in a clinical setting where introducing labels may be 
impractical. One example is in atherosclerotic lesions, which are caused by the 
accumulation of fatty materials in arteries. Early detection of these lesions are 
difficult as they are usually asymptomatic, and also difficult to detect and quantify 
using angiography.
111
 Using CARS can help to identify lipid rich macrophage cells 
and lipoprotein aggregates and asses their risk of rupture.
112,113
 The 3D sectioning 
capability can be used to reconstruct accurate models of a plaque (see Figure 28 for 
example), whilst changes in lipid morphologies can be measured due to the changes 
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Figure 28 Consecutive en face CARS image slices of atherosclerotic lipids were 3D constructed. 
The left panel is the schematic diagram of 3D reconstruction of a single atherosclerotic plaque 
shown in the right panel. The Stokes laser had a repetition rate of 76 MHz and 7 ps pulse 
duration, whilst the pump laser had a 76 MHz repetition rate and 6 ps pulse duration. Total 
laser power on the sample was less than 40 mW. Adapted from a similar figures in 
reference 114. 
When imaging individual cells, the contrast CARS provides when imaging at the 
lipid wavelength shows up the contents of the cell compared to the surrounding 
solvent. The nucleus can be picked out due to the lower overall CARS signal 
compared to the cytoplasm, whilst lipid droplets show up as bright, high intensity 
dots (see Figure 29 for example).
115
 CARS can be used to track the movement of 
lipid droplets around the cell in real time without perturbing the cell.
116
 Proteins also 
contain a strong peak in the C-H stretch region, typically with a peak around 2950 
cm
-1
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Figure 29 F-CARS image of a fibroblast cell. Image was taken using an 80 MHz repetition rate 
and 2 ps pulse duration. The laser power on the sample was estimated at 28 mW. Adapted from 
a similar figures in reference 115. 
2.8 Imaging nanoparticles 
One potential area of application for CARS has been the imaging of nanoparticles in 
cells and tissues. There are many different sources of nanoparticles, some of them 
engineered for specific applications such as the addition of TiO2 and ZnO 
nanoparticles to cosmetics,
118
 or antibacterial silver nanoparticles added to 
clothing.
119
 Unwanted generation of nanoparticles in both manmade and natural 




 and industrial waste
122
 
also contribute to the environmental load.  
The health effects of nanoparticles have been identified as an area for concern both 
by scientists and the general public,
123
 and there is often little information on the 









 and systemic administration
127
 have all been shown as 
routes of exposure to nanoparticles. Toxicity is often associated with inflammatory 
responses, as well as oxidative stress, and has been shown to result in DNA damage 
and apoptosis.
128,129
 Imaging particles in cells can be a key process in the 
understanding the effects of nanoparticles on cells.  
CARS has already been employed to view a number of micro and nano sized 
particles in biological systems. Particles studied typically tend to be metal oxide 
particles, including MRI contrast agents such as iron oxide, as these have large non-
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 showing the versatility of CARS. Gold nanoshells and nanoparticles, 
which serve as potential drug carriers or contrast agents are also targets of interest 




These studies typically take advantage of the two-photon enhanced electron 
contribution of metal oxide semiconductors which have a χ
(3)
 value that is far greater 
than those for biological materials.
131
 This contribution is enhanced when the band 
gap transition absorption wavelength is close to the energy of a two photon 
absorption by the pump laser. The four-wave mixing results in a photon produced at 
the same wavelength of a CARS photon under the same pump and Stokes 
wavelengths. As this does not depend on any vibrational resonance, and the response 
is quite broad, ωp-ωs can be tuned away from any biologically relevant resonance to 
image the nanoparticles. Images at resonant and non-resonant wavelengths can then 
be recombined to show where the nanoparticles can be found in the sample, as well 
as the sample structure and composition, as shown in Figure 30. 
 
Figure 30 CARS images of a HuH7 cell (human epithelial like cell) incubated with FeO 
microparticles. A. C-H stretch on-resonance B. Off-resonance CARS images of a HuH7 cell 
(human epithelial like cell) C. Overlay image showing iron oxide particle in green. Adapted 
from figures in reference 130. 
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3 Materials and methods 
3.1 Materials 
3.1.1 Reagents 
Adenine (A3159), Cytosine (C3506), Guanine (G11950), Thymine (T0376), Sodium 
Hydroxide (S5881), Isopropanol (I9516), Bovine Serum Albumin (BSA) (A2153), 
IgG ((I4506), Glutaraldehyde (G7651), Immersion Oil (56822), Phorbol 12-myristate 
13-acetate (TPA) (P1585), Calcium Chloride (C2661), Percoll (P4937), Dextran 
(D4626) were purchased from Sigma Aldrich (Dorset, UK).  
Dulbecco's modified Eagle's medium (DMEM) (21331020), Roswell Park Memorial 
Institute 1640 medium (RPMI 1640) + Glutamax (61870010), Iscove's modified 
Eagle's medium (IMEM) (A1048801), phosphate buffered saline (D-PBS, or PBS) 
1× (10010015), D-PBS 10× (AM9624), Trypsin 10× (15400054), Penicillin-
Streptomycin (15070-063) were purchased from Invitrogen (Paisley, UK). 
HyClone Fetal Bovine Serum (SH30070.03) was purchased from Thermo-Fisher 
(Leicestershire, UK) 
3.1.2 Particles 
Fluorescent yellow-green polystyrene microspheres, 0.03 μm in size (L5155); 
Polystyrene beads, 0.1μm (LB3), 1.1μm (LB11), 5μm (79633); 
Polymethylmethacrylate microparticles, 1μm (90875); TiO2 nanoparticles (718467) 
were purchased from Sigma Aldrich (Dorset, UK). Polybead polystyrene sampler kit 
containing: 0.5 μm, 0.75 μm, 0.1 μm, 0.2 μm and 0.3 μm beads (19822), were 
purchased from Park Scientific (Northampton, UK). 
Ceridust 3610 micronized high density polyethylene wax, mean size 5 μm, was 
purchased from Clariant (Muttenz, SwitzerlanD). 
3.1.3 Wear particles 
UHMWPE debris were isolated from a pin-on-plate wear simulator.
135
 10 M of 
NaOH was added to 60 ml of lubricant collected from the simulator, and incubated 
for 24 hours. It was then centrifuged using a Beckman SW41Ti rotor and L70 
ultracentrifuge at 104,000 g for 3 hours. The pellicle was removed and suspended in 
filtered water before an isopropanol gradient was layered on top of the debris 
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solution (two layers, densities 0.96 and 0.90 g cm
-3
) and then centrifuged for 1 hour 
at a speed of 207,000 g. The purified UHMWPE particles were then harvested from 
the interface of the two isopropanol layers. 
3.2 Methods 
3.2.1 Filtration 
An All-Glass Filtration Holder (50 mm) from Sartorius-Stedim (Surrey, UK) and 
Polycarbonate Filters, 0.1 μm (7060-4701), 0.2 μm (7060-4701), 8 μm (7060-4714) 
and 10 mm (7060-4714) purchased from Whatman International (Maidstone, UK) 
were used to filter isolated UHMWPE particles. Polystyrene particles were either 
filtered on 8 μm and 0.2 μm polycarbonate membranes (Whatman International Ltd, 
Maidstone, UK) using a syringe driven filter or, polyethylene particles were added to 
triple filtered water and then filtered through 10 μm and 0.1 μm membranes placed in 
a glass vacuum filter (Sartorius Stedim UK, Surrey, UK). Filtration took place in a 
class II laminar flow cabinet. 
3.2.2 Electron microscopy 
Polycarbonate filters were then placed on aluminium stubs with double sided carbon 
pads and sputter coated with 5 nm of gold/platinum. Samples were viewed in a 
Hitachi S4700FII field emission scanning electron microscope at up to 20,000× 
magnification. Digital images were recorded using Hitachi FE PCSEM (version 3.2) 
software (Hitachi High Technologies, Wokingham, UK). 
Particles were masked from the background of filters either using thresholding or by 
selecting areas by hand. Water shedding or manual adjustment was used to split 
joined particles. Particle sizes were calculated using the ‘analyze particles’ function 
in ImageJ (National Institute of Health, Maryland, USA). 
3.2.3 Cell culture 
Monocyte derived macrophages were isolated from peripheral blood donated by 
healthy volunteers in agreement with the University of Edinburgh’s ethics practices. 
160 ml of blood was withdrawn and centrifuged at 300g for 20 minutes to separate 
the cellular component from the plasma. Autologous serum was generated by 
precipitation of platelets from the plasma with calcium chloride and gentle heating in 
a water bath. The cell pellet was mixed with 5% dextran in PBS and gravity 
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sedimentation was used to isolate the red blood cells. The remaining supernatant was 
then centrifuged at 300g for 5 minutes to pellet the leukocyte cells. These were then 
layered on a Percoll gradient (55%, 68% and 81%) and centrifuged at 720g for 20 
minutes to separate monocytes from neutrophils. Monocytes were harvested between 
the 68% and 81% layers of Percoll and centrifuged twice in PBS at 230g for 5 
minutes. The cells were then plated on glass bottomed dishes at a density of 1×10
6
 
cells/ml in IMEM supplemented with 10% autologous serum and 
penicillin/streptomycin (10,000 units/ml). Non-adherent cells were gently removed 
via pippetting whilst monocytes were left to mature for 7-10 days before use. 
Human embryonic kidney (HEK 293), mouse embryonic fibroblast (NIH 3T3), 
human breast adenocarcinoma (MCF-7 and MDA-MB 231) cells were all grown 
with DMEM media with 10% foetal bovine serum and penicillin/streptomycin 
(10000 units/ml) at 37 °C with 5% CO2 atmosphere. Cells from passages 5-50 were 
seeded on glass bottomed dishes at a density of 0.25×10
6
 cells /ml for 24 hours. 
Mouse leukaemic monocyte macrophage (RAW 264.7) cells were grown with 
RPMI1640 Glutamax with 10% foetal bovine serum and penicillin/streptomycin 
(10000 units/ml) in untreated cell culture plastic in standard growth conditions at 37 
°C with 5% CO2 atmosphere. Cells from passages 5-15 were seeded on glass 
bottomed dishes at a density of 0.5×10
6
 cells/ml for 24 hours. 
Human promyelocytic leukemia (HL-60) cells were grown in DMEM with 10% FBS 
and penicillin/streptomycin (10000 units/ml) in tissue culture plastic. Cells were 
seeded on glass bottomed dishes at a density of 1×10
6
 cells/ml and differentiated 
with 1 nm TPA (phorbol 12-myristate 13-acetate) for 24 hours. Non-adherent cells 
were removed with gentle pippetting.  
Cells were challenged with particles for 24 hours unless stated otherwise. After 
particle incubation the cells were washed either in media or in PBS, fixed in 1% 
glutaraldehyde in PBS for 5 minutes and then washed several times with PBS and 
then water before imaging. 
3.2.4 Raman 
Raman spectra were gathered from materials using a Renishaw InVia system 
(Gloucestershire, UK). A 785 nm laser was focused through either a 20× (0.4 NA) or 
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50× (0.75 NA) objective to excite the Raman bands. Exposure time ranged from 10 
to 30 s with up to 6 repeats and cosmic ray removal selected. A 1200 l/mm 
diffraction grating was used in collection. The Raman spectra were calibrated using 
the ‘Quick Calibration’ function in the Wire 2.0 software (Renishaw)  and a silicon 
sample. Samples were placed onto magnesium fluoride cover slips. Cells were plated 
at a density of 5×10
6
 cells / ml on Magnesium Fluoride cover slips for 1 hour before 
the addition and mixing of either 4 μl per ml of 1.1 μm polystyrene particles or 10 μl 
per ml of Ceridust in media for 24 hours. Cells were fixed in glutaraldehyde and 
dried unless otherwise stated. 
Raman data was analyzed using Wire2.0 software with a background from an empty 
magnesium fluoride cover slip and a base line subtracted from each spectrum.  
3.3 Multiphoton microscope 
The multiphoton microscope was designed and built at The University of Edinburgh 
by Downes, et al.
136
 although the setup had been changed for the use in this thesis. 
The illumination for our multiphoton microscope is shown in Figure 31 and consists 
of a mode-locked neodymium doped yttrium vanadate orthovanadate (Nd:YVO4) 
laser source (PicoTrain, High-Q laser, Hohenems, Austria) which produces a Stokes 
pulse (7.5 ps FWHM, 1064 nm) used in the CARS process. The source also produces 
a 6 ps FWHM, frequency doubled 532 nm beam which is used to pump a picosecond 
optical parametric oscillator (OPO) (Levante Emerald, Berlin, Germany). The OPO 
delivers a signal tunable in the range 700-1000 nm (6 ps, FWHM), which is used as a 
pump in the CARS process or as the excitation beam for TPEF. One or two beams 
are combined using a dichroic mirror (DM) and focused into the input of a laser-
scanning confocal optical microscope (Nikon BV C1, Amsterdam, Netherlands) 
which is shown in Figure 32. The pulses are synchronized by adjusting a 
micrometer-driven delay stage. These wavelengths are reflected towards a 60× oil 
immersion objective (Plan Apo VC, Nikon) with a 1.4 numerical aperture (NA) by a 
DM. The forward signal is collected by an air condenser (NA 0.72) and directed to a 
multimode fibre via mirror and tube lens. The fibre directs the signal to a DM and 
then onto two different photomultiplier tubes (Hamamatsu R3896, Shizouka, Japan). 
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A set of short pass filters and a band pass filter of appropriate wavelengths (Chroma, 
Rockingham, USA) were used before the fibre. The epi-detected signal is collected 
by the objective lens and passes through a dichroic mirror in the scan unit. The signal 
is then directed via a multimode fibre to the same detector setup as used in the 
forward signal. A set of appropriate short pass and band pass filters are used after the 
fibre. CARS signals were confirmed by blocking either the pump or Stokes laser, or 
by adjusting the delay stage which caused no signal to be collected.  
The laser powers were measured after the objective by placing a S121B standard 
power sensor (Thorlabs, Cambridgeshire, UK) over the microscope objective and 
adjusting the position of the focus and sensor to give the maximum power reading. 
Although this method is likely to be an underestimation of the actual laser power as 
not all the incoming photons are collected by the sensor, the readings give internally 
comparable readings. 
 
Figure 31 Schematic of illumination sources. The Nd:YVO4 pump produces both the Stokes 
pulse (1064 nm, 7.5 ps FWHM) as well as a frequency doubled 532 nm, 6 ps FWHM beam used 
to drive an optical parametric oscillator (OPO). The OPO produces the pump beam which is 
tunable from 700 – 1000 nm (6 ps FWHM). Both the Stokes and pump beams are combined 
using a dichroic mirror and enter into a confocal scan unit of a Nikon C1 microscope. 
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Figure 32 Schematic of CARS microscope and detection. A dichroic mirror in the scan unit 
reflects the wavelengths towards the objective lens where it is focused on the sample. The 
forward scattered light is collected by a condenser lens and passed through a series of filters 
before being focused into a multi-mode fibre via a mirror and tube lens. The fibre passes the 
signal into a detector unit where a final dichroic mirror sends the signal to one of two 
photomultiplier tubes (PMT).  
3.3.1 CARS resolution 
The lateral resolution of our CARS microscope was measure using images of TiO2 
particles and the ‘fit multi-peaks’ function in Origin 8.1 (OriginLab corporation, 
Massachusetts, USA). An xy line trace through the collected image is shown in 
Figure 33 as the black line. The mean FWHM was calculated as 0.30 μm. The axial 
resolution was calculated using 6 z-traces through 0.5 μm polystyrene beads. The 
data was fitted using the ‘fit single peak’ function in Origin 8.1. The mean FWHM 
was calculated as 0.91 μm 
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Figure 33 xy trace of TiO2 nanoparticles shown in black. Red line is the Gauss fit of the peaks 
whilst the green line is the calculated baseline. 
3.3.2 Wavelength to wavenumbers 
The wavelength of the pump and Stokes beams can be converted to wavenumbers for 
ease of comparison with the Raman shifts with the following formula: 
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4 Raman spectroscopy 
Summary 
Raman spectra were recorded for biological and chemical samples. These included 
polymers that will be used as experimental models, such as polystyrene, and those 
that are used in the construction of artificial joints or their fixation such as 
polyethylene and PMMA. Cellular constituents including lipids, proteins and 
nucleobases were measured, as well as whole cells. Cellular spectra were gathered 
mainly from fixed samples due to problems of keeping living cells under the laser 
beam for long enough time periods to record usable spectra. The spectrum of fixed 
cells was shown to be similar to to those of live cells.  
Cells treated with polymeric particles showed differences in their Raman spectra 
with many peaks corresponding to the added particle being visible over control cell 
spectra. Raman mapping was also carried out on a sample cell containing 
phagocytosed particles illustrating the spatial information that can be obtained with 
Raman, however this technique took several hours to produce a low resolution map 
of a cell. 
Peaks in the spectra obtained were identified by comparing with results published in 
the literature. Peaks were found to be within a couple of wavenumbers of these 
within the literature. Identifying these Raman active components will help us to 
identify Raman resonant frequencies to be imaged with our CARS setup and also 
help in interpretation of CARS images when tuned to these specific frequencies. 
Although Raman can provide a wealth of information about a sample, the results 
show that the time factor to record this information is high, often ranging from 
minutes to hours for a single cell. 
  
 
Raman Spectroscopy 54 
4.1 Raman spectra of materials 
4.1.1 Ultrahigh molecular weight polyethylene 
Polyethylene, as shown in Figure 34 A, is one of the simplest polymers, consisting of 
a repeating chain of CH2 subunits. It appears much like a long-chained hydrocarbon 
and as such it contains a relatively simple Raman spectrum with sharp peaks as most 
bonds find themselves in similar environments. 
 
Figure 34 Polymers used in our investigation. A. Polyethylene is simply a long chain of repeating 
CH2 subunits. B. In polystyrene one of the hydrogen atoms in the first CH2 subunit has been 
replaced by a benzene ring. C. In PMMA both hydrogen atoms in the first CH2 subunit have 
been replaced, a methyl group attached to one, and a methyl ester to the other. 
The Raman spectrum of UHMWPE is shown in Figure 35. The spectrum contains 
several peaks both inside the fingerprint region and the C-H stretching region. The 
C-H stretching region is dominated by two fundamental vibrations: the symmetric 
and asymmetric C-H stretches which give peaks at 2847 and 2881 cm
-1
. These peaks 
are superimposed on two second order peaks at 2886 and 2930 cm
-1
 that are highly 
dependent on the phase compositions (crystalline vs amorphous) as well as 
orientations of molecules in the material.
137
 The small peak at 2722 cm-1 may be due 
to oxygen contamination.
138
 The fingerprint region contains peaks at 1063, 1130, 
1170, 1296, 1370, 1416, 1440 and 1463 cm 
-1
. The triplet of peaks at 1416, 1440 and 
1460 cm
-1
 are caused by a combination of CH2 scissoring and Fermi resonances. 
(Fermi resonances are due to the mixing of vibrational modes that share similar 
energy).
139
 The 1370 cm
-1
 peak is due to CH2 wagging whilst the 1170 cm
-1
 peak is 
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due to CH2 twisting. The 1132 cm
-1
 and 1065 cm
-1
 peaks are due to the symmetric 




Figure 35 Raman spectrum of UHMWPE (GUR 1050 grade) showing the major vibrational 
peaks. 
 
Figure 36 Zoomed in region of the 2000 – 2750 cm
-1
 region of Figure 35.  
Figure 36 shows the Raman spectra in the silent region showing small peaks, which 





Polystyrene, shown in Figure 34 B, is superficially very similar to polyethylene with 
just one of the hydrogen atoms on the first CH2 subunit replaced with a benzene ring. 
Because of the similarities the Raman spectra contains some shared features as 
shown in Figure 37. Peaks at 2847 and 2897 cm
-1
 are again due to the C-H stretches 
also found in UHMWPE. However, polystyrene also contains overlapped peaks at 
3055 and 3067cm
-1
 due to the stretching of the C-H bonds on the benzene ring. The 
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backbone chain stretches are found in the 1100-1200 cm
-1
 region with the 1450cm
-1
 
peak due to CH2 scissoring.
143
 These features are conformationally sensitive, 
depending on whether the benzene subunits are all aligned on one side, or are found 
on both sides of the molecule.
143
 The benzene ring structure is responsible for a 
number of Raman modes, most notably is the large peak at 1004 cm
-1
 which is due to 
the deformation of the carbon ring structure. The nearby peak at 1032 cm
-1
 is due to 
in plane bending of the benzene C-H bonds. Another notable couplet is the peaks at 
1583 and 1603 cm
-1
 which are again due to stretching in the benzene skeleton. 
Below 1000 cm
-1 
exists several peaks 541, 622, 758 and 906 cm
-1
 due to the various 




Figure 37 Raman spectrum of polystyrene showing the major vibrational peaks. 
4.1.3 Polymethylmethacrylate 
PMMA contains more alterations to the typical polyethylene structure than 
polystyrene does as both hydrogen atoms on the first CH2 subunit have been replaced 
as shown in Figure 34 C. Figure 38 shows the spectrum obtained from PMMA. Both 
PMMA and polyethylene have peaks in the C-H stretch region which is perhaps the 
most easily comparable region. Compared to the C-H stretch region in polyethylene, 
the spectrum obtained from PMMA is complicated by Fermi resonances between 
C-H stretch fundamentals but can be broadly attributed to three peaks at 2843, 2953 
and 3001 cm
-1
 which are due to symmetric and asymmetric stretching of the C-H 
bonds in the CH2, O-CH3 and C-CH3 groups. The symmetric and asymmetric C-C 
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stretches of the backbone are found with peaks at the much lower 969 and 987 cm
-1
 
and are joined by C-C deformations at 817, 1186 and 1247 cm
-1
. The C=O stretching 
is responsible for the large peak at 1730 cm
-1
 and deformation of this bond is active 
at 843 cm
-1
. The C-O stretching coupled with methyl rocking is found at 1123 and 
1160 cm
-1






Figure 39 shows overlaid spectra from the three polymers for ease of comparison. 
 
Figure 38 Raman spectrum of PMMA showing the major vibrational peaks. 
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Figure 39 Overlaid Raman spectra of UHMWPE (black), polystyrene (blue) and PMMA (red). 
4.2 Raman spectroscopy of biological molecules 
4.2.1 Lipids 
Lipids are a large group of biological molecules that are categorised by their 
hydrophobic nature, and include waxes, sterols, triglycerides and phospholipids. 
Figure 40 shows a diagram of a typical phospholipid, 1,2-
dipalmitoylphosphatidylcholine (DPPC). The structure contains two long, fatty acids 
that mainly consist of saturated carbon chains attached to a phosphate head group by 
a glycerol chain. 
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Figure 40 Diagram of DPPC.
‡
 
Because of the similarity between the fatty acids and polyethylene we expect to see 
many similar peaks in the Raman spectra of lipids (shown in Figure 41) compared 
with polyethylene. In the C-H stretching region we see the two peaks for symmetric 
and asymmetric CH2 stretches repeated at 2845 and 2880 cm
-1
. In addition there 
appears a small shoulder, consisting of peaks at 2928 and 2972 cm
-1
 due to 
symmetric and asymmetric methyl stretches of the fatty acid chains. The CH2 
scissoring peaks are repeated at 1435 and 1456 cm
-1
 whilst the in plane CH2 twisting 
is found at 1294 cm
-1
. The C-C stretches are found as peaks at 1061, 1096 and 1127 
cm
-1
. Due to the additional bonds involved there are many unique peaks found in the 
DPPC spectrum including the C=O stretch which appears as a broad peak around 
1730 cm
-1
. The acyl stretching modes appear as peaks around 845 cm
-1
 and the C-N 
stretch is found at 715 cm
-1
. The phosphate stretching peak is found mixed in with 
the carbon backbone stretches.
148-152
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Figure 41 Spectrum of DPPC showing the major vibrational peaks. 
4.2.2 Nucleobases 
The spectra of the four different nucleobases offer a glimpse of the sensitivities of 
Raman vibrations on the surrounding chemistry. The in-plane ring stretching 
vibrations are highlighted in Figure 42 and can be found at shifted frequencies in 
each of the four compounds. In adenine and guanine, the two purines have the 
vibrational frequencies centred at 724 and 651 cm
-1
 respectively. The two 
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Figure 42 Raman spectra the four nucleobases: adenine (black), guanine (blue), cytosine (red) 
and thymine (teal) offset for ease of reading. The in-plane ring stretches are marked out and the 
spectra are offset for clarity.  
4.2.3 Proteins 
Proteins are made up of long chains of amino-acids linked together by amide bonds 
folded up into their own 3D shapes. In eukaryotes, up to 21 different amino acids are 
being used as building blocks, each with their own unique side chain. As such each 
protein contains many different chemical bonds in different abundances depending 
on its composition. Figure 43 shows the spectra of two different proteins, BSA and 
immunoglobulin G. A notable feature of the protein Raman spectrum is that many of 
the peaks are very broad instead of sharp as found in many of the polyethylene 
peaks. This is typically seen best in the amide I (C=O stretching vibrations) and 
amide III (mixture of C-N bond stretching and in-plane N-H bond bending) bands 
which appear as broad peaks around 1660 and 1250 cm
-1
 respectively. Differences in 
the primary structure as well as the secondary structure alter the energy required to 
excite these vibrational modes. A secondary structure dominated by β-sheets contains 
peaks at 1240 and 1650 cm
-1
 whilst those dominated by α-helices contain peaks at 




 In our protein examples we can see the clear differences in 
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The protein Raman spectrum also contains the typical features that we have come to 
expect, with the 2800 to 3000 cm
-1
 containing CH2 and CH3 stretching peaks as well 
as the 1420 and 1450 cm
-1
 CH2 and CH3 deformations. C-C stretching in the 
backbone and in the side chains are responsible for peaks at 902, 947, 1103 and 
1127 cm
-1
. The other notable feature of the protein Raman spectra is the peaks 
caused by aromatic side chains, particularly tyrosine and phenylalanine. 
Phenylalanine is responsible for the large peak at 1003 cm
-1
 as well as a smaller peak 
at 1604 cm
-1
 whilst tyrosine contributes towards peaks at 1210 and 1615 cm
-1
. A 
small peak at 3060 cm
-1




Figure 43 Raman spectra of protein samples, BSA (black) and immunoglobulin G (red) showing 
selected vibrational peaks.  
4.2.4 Living and fixed cells 
We found it necessary to examine whole cell samples for long time periods (10 
minutes or more) to generate data that had a sufficient signal over background noise. 
This background noise can be due to thermal noise as well cosmic rays, and also 
spurious background light hitting the detector. However, we also found that long 
scan times with the laser would ablate the samples before scanning was completed. A 
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chemical fixative was added to the cells in an effort to improve the sample stability, 
preventing movement of the cell under the laser. This allowed more spectra to be 
collected as more samples ‘survived’ the process.  
A five minute treatment with 0.1% solution of glutaraldehyde in PBS was used to fix 
cells. Glutaraldehyde is a small molecule, capable of diffusing throughout the cell in 
a matter of minutes. Each molecule contains two aldehyde groups that are capable of 
cross linking structures via condensation reactions which helps to preserve the cell 
structure whilst making it immobile.
160
 A comparison of the Raman spectra of live 
and fixed cells are shown in Figure 44. In this example the spectra were recorded by 
a 20× objective and a 30 second scan time with multiple accumulations. 
Although many of the following cell spectra are from the same type of cell, it should 
be noted that the macrophage cell is a catchall term for many different cells that carry 
out very different functions. Not only are there inter-population differences between 
macrophages collected from different sites, but intra-population differences exist as 
well.
161
 These differences, along with cells being in different stages of the cell cycle 
may show up in Raman spectra.  
In Figure 44 it can be seen that both spectra contain similar peaks found at the same 
wavenumbers. The cell spectra contain a much broader hump, possibly due to 
unwanted fluorescence by components of the culture medias that they are kept in. In 
both live and fixed cells it can be seen that the major peaks that had been previously 
observed for both proteins and lipids are again visible and there is little differences 
between the two spectra. The C-H stretch region from 2800 to 2900 cm
-1
 consists of 
a mixture of the sharp peaks, as seen in the lipid spectrum (Figure 41) and the broad 
peaks seen in the protein spectra (Figure 43). The amide I and III stretches at 1658 
and 1265 cm
-1
 show up strongly, as does the CH2 deformations around 1448 cm
-1
. 




Raman Spectroscopy 64 
 
Figure 44 Raman spectra of fixed monocyte derived macrophage cells (black) and live cells (red) 
showing selected vibrational peaks.  
4.2.5 Nucleus and cytoplasm measurements 
Using a 50x objective it is possible to gather Raman spectra from targeted areas of 
the cell. Using fixed cells that had been dried, a 30 second exposure time and 6 
accumulations with cosmic ray removal, we recorded spectra with the laser focused 
on different parts of the same cell. These could be visibly identified as the nucleus or 
cytoplasm and they are shown in Figure 45. The main differences in the Raman 
spectra are found in peaks relating to DNA. The nuclear spectrum contains 
particularly strong signals in the DNA backbone stretch at 830 cm
-1
 as well as larger 
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Figure 45 Raman spectra of the nuclear region (black) and cytoplasmic region (red) of a fixed 
macrophage cell. The main differences appear to be the bigger peaks that are typically 
associated with DNA. 
4.2.6 Comparison of cell types 
We compared the Raman spectra of three different cell types: monocyte derived 
macrophages, RAW 264.7 mouse macrophage and NIH 3T3 fibroblasts. These 
spectra are shown in Figure 46 and were recorded from glutaraldehyde fixed cells, 
using a 20× objective, a 30 second exposure with 6 accumulations. The notable 
difference is the stronger contribution of lipid-like peaks to the Raman spectra of the 
primary macrophage cell. Peaks that are typically associated with lipids 1170, 1295, 
1460, 2850 and 2880 cm
-1
 all appear much stronger than in the two cell lines 
suggesting a much higher lipid content. Otherwise many of the core features such as 
the protein peaks are found to be similar in all three spectra. 
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Figure 46 Raman spectra for NIH 3T3 fibroblasts (black), RAW 264.7 mouse macrophages 
(red) and human monocyte derived macrophages (blue). Spectra offset for clarity. 
4.2.7 Cells with added polyethylene and polystyrene 
We added commercial polyethylene particles (mean size 5 μm) and polystyrene 
particles (mean size 1.1 μm) to cultures of Raw 264.7 macrophage cells. After 24 
hours the cells were fixed in glutaraldehyde and then washed in PBS and then water. 
Raman spectra were then recorded (shown in Figure 47) using a 20× objective, 30 
second scan time with 6 accumulations. Cosmic ray removal was also carried out in 
the software. 
With the cell pre-incubated with polystyrene, the Raman spectrum included peaks 
not founded in a control cell. The most obvious of these is the peak at 3060 cm
-1
 
which represents the C-H stretch in the benzene ring. Although this stretch exists in 
some amino acids (phenylalanine and tyrosine) in proteins, they do not appear to be 
large enough concentration to generate a measurable signal in the cell spectra. The 
pair of peaks at 1580 and 1600 cm
-1
 that correspond to the benzene skeleton 
stretching also stand out on the shoulder of the amide I stretch. The phenylalanine 
ring peak is now dwarfed by the pair of peaks from the polystyrene ring breathing 
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The Raman spectrum of a cell with added polyethylene contains many peaks 
corresponding to the polystyrene Raman spectrum. In the fingerprint region the 1060, 
1129, 1294, 1416, 1441 and 1460 cm
-1
 peaks are clearly visible. In the C-H stretch 
region the polyethylene peaks of 2850 and 2880 cm
-1
 stand out on the broad peak 
coming from the cell. 
 
Figure 47 Raman spectra of RAW 264.7 cells. Control cell (black), cell with added polyethylene 
(red) and added polystyrene (blue). Peaks from the added materials are highlighted. 
4.3 Raman mapping 
With a high powered objective lens (50×) and the automated Raman software it is 
possible to take Raman spectra at many different points over the cell. Each data point 
on the cell corresponds to a complete Raman spectrum. Using a monocyte derived 
macrophage that had been treated with polystyrene microspheres (mean size 1.1 μm) 
we recorded mapped spectra at the points shown in Figure 48 A. This was a time 
consuming process given that each point took around 10 minutes to record and 55 
data points were recorded across the cell surface of a cell fixed in glutaraldehyde. By 
taking the magnitude of the polystyrene ring C-H stretch at 3060 cm
-1
 from each of 
the data points we constructed a contour plot that is shown in Figure 48 B. The 
reconstruction shows an area of high signal coming from the lower left hand 
quadrant, indicating that one or more polystyrene beads are present. As the entire 
spectrum is recorded at each point, it would be possible to illustrate many other 
different features of the cell by tracking different peak sizes or ratios. Spectra from 
along the black line of Figure 48 B are shown in Figure 49 C. The presence of the 
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polystyrene peaks superimposed on the background of the cellular spectra can be 
easily seen. 
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4.4 Conclusions 
Raman spectroscopy is a powerful tool for studying the chemical composition of 
samples, with even closely related chemicals having very different spectra. However, 
as the chemical composition becomes more complicated, such as those of living 
cells, it can be difficult to understand how changes to single Raman spectra relate to 
changes in the cell composition. Although it is possible to use Raman to gain spatial 
information from a cell sample, this is a slow process, taking many hours and is 
clearly not suitable for studying living cells. 
The Raman spectrum of polyethylene contains many of the same peaks as that of cell 
lipids, due to the similarity of polyethylene and saturated fats. This may present a 
challenge when imaging cells where CARS signals will be generated from both 
lipids and polyethylene when exciting the sample at known polyethylene bond 
resonances. However, our data also shows that polystyrene should prove to be a 
useful model particle to work with due to presence of Raman peaks at wavelengths 
not seen within the cell.  
A possible solution to the similarity of the Raman spectra of lipids and polyethylene 
is to deuterate one of the compounds.  Carbon-deuterium stretching vibrations show 
up in the 2000-2400 cm
-1
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5 Particle sizing 
Summary 
Retrieval studies from tissues in the periprosthetic region have shown that the 
majority of particles found are under 0.5 μm in size. This coincides with the size 
range of particles that is thought to be the most biologically active. We were 
interested in the sizes of particles generated by our own wear tester, as well as our 
method of retrieval and set about analysing the particle size using FEG-SEM. 
We demonstrated our method for sizing particles by first using commercial 
polystyrene particles before moving onto polyethylene particles. Our polyethylene 
particles came from a wear simulator that was capable of running with two different 
wear loading configurations. One pattern had the wear pins move in a linear motion 
with dynamic loading, whilst the other used an elliptical motion with dynamic 
loading. We found that particles generated by the elliptical loading pattern were more 
numerous and smaller than particles generated from the linear loading pattern. The 
particles generated by elliptical loading also resembled the particles retrieved from in 
vivo experiments more accurately than the linear wear particles. 
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5.1 Filtration  
We used triple filtered water to test the level of contamination in our filtering. The 
water was filtered through polycarbonate filters and subsequently viewed using 
electron microscopy. The membrane filters appeared clear from contaminating 
particles at all magnifications tested as shown in Figure 50.  
 
Figure 50 Triple filtered water was used as a negative control for the electron microscopy 
analysis. A. 8 μm polycarbonate and B. 0.2 μm polycarbonate filters under SEM. C. and D. 
0.1 μm polycarbonate filters under FEG-SEM at 6,000× and 15,000× magnifications all appear 
clear from contaminating particles. 
5.2 Polystyrene particles 
Using commercially available polystyrene particles we are able to demonstrate and 
evaluate the techniques used for our particle sizing. We used a polyethylene 
suspension labeled as 1.1 μm particles that are described in the specification sheet as 
having a size range of 1.0 to 1.2 μm.
164
 Figure 51 shows an electron microscope 
image of the polystyrene particles. The image shows that there are small variations in 
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the size of these spheres. The marked sphere measures 1.85 μm in diameter, which 
clearly in excess of the manufacturers stated size range. 
 
Figure 51 1.1 μm polystyrene spheres on a 0.2 μm polycarbonate filter. The size of the marked 
sphere is almost 54% larger than the manufacturers stated maximum size. 
The process used to measure particles size on polystyrene particles is illustrated in 
Figure 52 and is as follows: 
 Figure 52 A. The image taken from the electron microscope. 
 Figure 52 B. The overlaid text from the SEM image is cropped out of the 
picture as it may obscure particles found underneath.  
 Figure 52 C. A mask of the image is than created, highlighting the areas 
where particles are present. This can be done automatically by removing the 
darker coloured filter background (known as thresholding), but often the 
regions of interest must be manually highlighted if there is not sufficient 
contrast between particle and filter. 
 Figure 52 D. The mask is then used to cut out only the particles of interest 
from the original SEM image. 
 Figure 52 E. Although some of the particles are isolated, many of them are 
found touching one another. To calculate accurate single particle sizes they 
need to be separated. A watershed function (which attempts to separate the 
boundaries of two topographical regions) or manual line drawing help to 
separate particles from one another. It is also noted at this stage that some 
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particles are hidden underneath others and may be removed manually rather 
than leaving them in which may give erroneously small sizes. 
Figure 52 F. Finally, the ‘analyze particles’ function is selected from within 
ImageJ. The separation of particles from one another can be checked using 
the image of the particle outlines where each particle is individually 
numbered. Particles on the edge of the screen are excluded as it would be 
unclear how much more of the particle is outside the field of view. The 
‘analyze particles’ function returns a number of user selectable parameters. In 
our case we are interested in the equivalent circular diameter (ECD). These 
results are shown as a histogram in Figure 53. 
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Figure 53 Histogram showing the particle size distribution of 1.1 μm latex spheres. 
5.3 Ultra high molecular weight polyethylene 
UHMWPE particles isolated from a pin-on-plate wear simulator using the protocol in 
Chapter 3.1.3. Wear particles produced using either a linear or elliptical pattern of 
motion
165
 were analysed by SEM in a similar fashion to polyethylene. The 
polyethylene used was a 10 MRad crosslinked polyethylene. Elliptical debris was 
taken from serum extracted between 2.5 million and 2.75 million cycles whilst the 
linear debris was collected between 2.25 and 2.5 million cycles.  
5.3.1 Linear wear debris 
Particles were only found on the 10 μm filters after extensive searching. The particles 
found were mostly chunk like in nature, with sharp angles as shown in Figure 54 C 
and D. The largest size of particle that we recorded for the linear wear debris was 
50 μm in length. However, so few particles were found that it would be hard to draw 
any definite conclusions about the nature of the larger wear particles apart from the 
fact that they were very infrequent compared to the smaller wear debris. 
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Figure 54 SEM images of UHMWPE particles found on 10 μm polycarbonate filters. A and B. 
show long, needle like particles found in the elliptical wear debris. C and D. show the angular 
blocks that were more commonly found in the linear wear debris. 
Linear wear debris was found to be much more abundant on the smaller pore size 
filter. Four example fields of view captured by the electron microscope and used in 
our particle size analysis are shown in Figure 55. The debris found was dominated by 
flake like particles around one to two microns in length; smaller cubic particles were 
also seen on the filter. Eight fields of view at two different magnifications were 
found using random searches. Particle size data from these images were pooled 
together for the histogram in Figure 56. The linear particles were found distributed in 
a positively skewed normal distribution. The mean size of the particles measured was 
0.995 μm ± 0.649 μm, much larger than the elliptical particles (c.f. a mean of 
0.289 μm ± 0.211 μm in chapter 5.3.2). An average of 0.0336 particles were found 
per μm
2
 on the filter, possibly indicating that the wear rate was greatly reduced 
compared to the elliptically generated wear debris (1.17 particles found per μm
2
), 
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Figure 55 Wear debris from a linearly oscillating pin-on-plate simulator. A and B. show 1800× 
magnification images whilst C and D. show 3000× magnification images. 
 
Figure 56 Histogram representing the distribution of polyethylene particles found on 0.1 μm 
polycarbonate filters from a linearly oscillating pin-on-plate wear simulator. The data was taken 
over an area 23,800 μm
2
. 
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5.3.2 Elliptical wear debris 
As with the linear wear debris, very few elliptical wear particles were found on the 
10 μm filters. The particles found included more needle like particles and included 
particles up to 200 μm in length. (See Figure 54 A and B for example). So few 
particles were found it would be hard to draw any conclusions from this. 
The 0.1 μm filters were found to be covered with particles and random searches were 
used to find areas to record images from for further analysis. At a magnification of 
1,100×, the elliptical filters contained chunk like, angular particles a few microns in 
length scattered throughout the image as shown in Figure 57 A. At higher 
magnifications, as shown in Figure 57 B and C, it can be seen that hundreds of 
submicron sized particles covered the filter which were not possible to visualise with 
accuracy in the lower magnification images. Unlike the micron sized particles these 
sub-micron particles were often more rounded and smoother in nature which can be 
more clearly seen in the high magnification image in Figure 57 D. Particle sizes were 
measured from a total of eight fields of view split between four high (5000×) and 
four low (1100×) magnifications. In the four low magnification images only particles 
of over 1 μm in size were considered in the low magnification images due to the 
difficulties of visualising the smaller particles. However these images help to 
confirm that the particle distribution is not unevenly weighted with larger particles. 
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Figure 57 Elliptical 10 MRad UHMWPE on 0.1 μm polycarbonate filter. A. 1100× 
magnification. B and C. 5000× magnification. D. 20,000× magnification. 
Over 2000 particles were taken into account for measurement purposes. Particle size 
was defined using the ECD. For the higher magnification views as shown in Figure 
58 A the particles were found to be distributed in a positively skewed normal 
distribution with a mean size of 0.289 μm ± 0.211 μm (c.f. 0.995 μm ± 0.649 μm for 
linear wear debris). Over 90% of particles were found to be under 0.5 μm in length. 
The histogram from the low magnification images where particles below 1 μm in 
size were not included is shown in Figure 58 B. The distribution of particles follows 
the tail end of a positively skewed normal distribution as well. It is important to bear 
in mind that the high magnification data is taken over an area 20× smaller than the 
low magnification when comparing the data. From the high magnification data an 
average of 1.17 particles were found per μm
2
 (c.f. 0.0336 particles for linear wear 
debris). This indicates that the wear rate was greater than linear wear debris, which 
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5.3.3 Identification of wear particles. 
The identity of the wear particles on the filters was confirmed as polyethylene using 
Raman spectroscopy. Filters were placed into the Raman microscope and measured 
at locations which when viewed by a 50× objective lens which appeared to have 
particles on them. A background taken from an untreated polycarbonate filter was 
then subtracted manually by aligning the peak intensities of the filter peaks from both 
spectra. This left a spectrum that resembled that of polyethylene (see chapter 4.1.1) 
signal as shown in Figure 59. 
 
Figure 59 Raman spectra of polyethylene particles on polycarbonate filters. Polycarbonate filter 
on its own (blue). Polyethylene particles on the polycarbonate filter (red). Subtraction of the 
polycarbonate filter spectrum from the wear particles (black). Spectra are offset for clarity 
5.4 Conclusions 
We have demonstrated that particles from the pin on plate simulator when running 
with an elliptical loading pattern contain a majority of particles that are sub-micron 
in size. They fall into a size range that is similar to the values quoted in the literature 
in retrieval studies
65,67,73
 as well as falling into the critical size range of 0.1 < 1 μm 
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that elicit the biggest in vitro responses.
74
 This would make them a more suitable test 
sample when evaluating the use of CARS. 
The smallest filter size that we used had pores measuring 0.1 μm in diameter. 
However, it has been reported that particles as small as 10 nm can be produced and 
have been isolated from in vivo and in vitro wear studies. Further characterisation of 
the particles using a smaller pore size membrane filter may reveal more information 
about sub 100 nm sized particles. 
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6 Two-photon excited fluorescence 
Summary 
A multiphoton microscope is a versatile tool capable of different imaging modalities 
to study specimens. In this chapter we explore the use of a more commonly used 
multiphoton technique: two photon excitation fluorescence (TPEF).  
TPEF was used to image cells that had been treated with commercial fluorescently 
labelled nanoparticles. Fluorescent signals that indicated the presence of 
nanoparticles could be seen within the cell cytoplasm in all the cells tested. The 
nuclear region of cells contained very little fluorescence signal indicating that these 
nanoparticles were not able to cross the nuclear membrane. Non professional 
phagocytes, such as fibroblast cells, showed a more uniform level of fluorescence 
across the cell with a few bright spots indicating clustered nanoparticles. Professional 
phagocytes such as macrophage cells showed more compartmentalisation of the 
fluorescent signal within the cytoplasm compared to fibroblast cells. 
The 3D sectioning ability of multiphoton microscopy was also demonstrated with 
images taken at different depths within a cell, as well as through 3D reconstructions 
of the images giving a volumetric view of the particles in the cell.  
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6.1 Control cells 
Control cells were imaged with a laser tuned to 817 nm and a laser power of 21 mW 
measured after the objective. The gain was set to 6.5 in the Nikon C1 software and 
the pixel dwell time was 13.20 μs. 
TPEF images of untreated cells at the settings used for our fluorescently tagged 
nanoparticles as shown in Figure 60 show a very low level of background signal. 
This gives an idea of how much brighter the fluorescent particles are than the 
naturally present fluorescent proteins such as flavins and porphorins that contribute 




Figure 60 TPEF images of untreated cells. A. NIH 3T3 cells B. RAW 264.7 cells. 
6.2 Fluorescent polystyrene nanoparticles 
All cells were treated with 4 μl/ml of commercially sourced fluorescent polystyrene 
nanoparticles in growth media for 24 hours. Like the control cells, the treated cells 
were imaged with a laser tuned to 817 nm and a laser power of 21 mW as measured 
after the objective. The gain was set to 6.5 in the Nikon C1 software and the pixel 
dwell time was 13.20 μs. 
A comparison to a visible light image, as shown in Figure 61, illustrates the 
advantages of fluorescent tagging. In the visible light image, contrast is generated 
through changes in refractive index, absorption and pigmentation. An added 
complication is that material outside the plane of focus is still visible and interferes 
with the image. It is not possible to directly identify the presence of the polystyrene 
nanoparticles in the visible light image. With a fluorescent tag added, the areas 
containing polystyrene particles are clearly visible. The more particles present, the 
 
Two Photon Excited Fluorescence 87 
greater the TPEF signal. This helps to show areas of the cells were particles are 
found clustered together in greater concentrations.  
 
Figure 61 Images of RAW 264.7 macrophage cells treated with fluorescent nanoparticles. A. 
TPEF image. B. Transmitted light image.  
The distribution of particles in different cell types are demonstrated in Figure 62. 
Each of the three cell types shares some similarities and some differences in the 
levels of fluorescent signals in the cell. A common feature across all three cell types 
was the very low signal in the nuclear area which suggests that the polystyrene 
nanoparticles do not easily cross the nuclear membrane once inside the cell. The non 
professional phagocytes, such as the NIH 3T3 fibroblast cells, showed an even 
fluorescence across the cell cytoplasm with only a few bright spots per cell. This 
suggests that the small particles are distributed throughout the cell as well as 
concentrated in a few areas. The monocyte derived macrophages and HL-60 cells 
showed more compartmentalised fluorescence in discrete areas.  
 
Figure 62 TPEF images of cells incubated with fluorescent polystyrene nanoparticles. A. 
Monocyte derived macrophages. B. NIH 3T3 fibroblasts. C. HL-60 cells differentiated with 
TPA. 
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One of the key advantages of multiphoton techniques is the optical sectioning 
capability due to the increased probability of absorption in the focal area compared to 
the rest of the incident beam. Figure 63 shows a series of images taken from an 
image stack showing how the distribution of particles can be tracked within the cell. 
These images can also be analysed using the program ImageJ to give volume and 
slice images for complete 2D and 3D projections of the data as shown in Figure 64.  
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6.3 Photobleaching 
TPEF relies on an electronic transition in the fluorophore to absorb the incoming 
photons, that energy is then emitted as a single photon. When the fluorophore is in 
the excited state it can undergo an irreversible chemical change which alters the 
fluorescent molecule causing it to lose the ability to fluoresce. This leads to a 
reduction in the number of fluorophores present and a fading of the fluorescent 
signal. The loss in signal can cause problems when multiple images are needed, and 
can also limit the useful laser powers that can be used on the sample as high laser 
powers lead to increased photobleaching.
167
 Figure 65 shows an image containing an 
area that had been previously scanned for 5 minutes that led to photobleaching 
indicated by the decreased signal compared to the surrounding area. Photobleaching 
is not always an unwanted effect as it can be used to monitor the movement of 




Figure 65 TPEF image of NIH 3T3 cells. The central area had been previously scanned for 5 
minutes which has led to photobleaching. 
6.4 Conclusions 
When it is possible to add a fluorescent tag molecule to a protein or structure of 
interest, TPEF is able to generate detailed high resolution maps in 3D showing the 
presence of the fluorophore and the attached point of interest. The need to attach a 
fluorescent tag of interest in most cases, rather than relying on the presence of an 
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already existing chemical moiety to generate contrast highlights one of the problems 
in the use of TPEF to measure wear particles. Polyethylene itself is not fluorescent 
and adding a fluorescent tag to polyethylene would drastically alter the chemical and 
mechanical properties of the polymer.  
Having a multimode microscope however, allows other regions of interest to be 
imaged whether through intrinsic fluorescent (flavins, etc) or the ability to stain 
specific cellular structures. Staining DNA, microtubules, transport proteins and 
membrane structures could be used to help build a more complete picture of the 
lifecycle of wear debris in the cell as well as biological changes to the cell that occur 
whilst ingesting these particles. However, when recording multiple images it should 
be remembered that the fluorescence signal can be reduced due to photobleaching; 
sequential imaging using different microscopy modes should take this into account 
and take TPEF images first.  
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7 CARS setup and validation 
Summary 
As our CARS setup had been custom designed and built at The University of 
Edinburgh, it was important to test that it functioned as expected and consistently 
with the background literature on the subject. This involved insuring that the setup 
was capable of generating a signal due to four wave mixing. We tested this using 
metal oxide particles which are particularly susceptible to generating light this way. 
Further tests examined the resonant enhancement of CARS signal generating by 
comparing CARS and Raman spectra and ensuring that the signal generated behaved 
as expected with respect to the power levels of the pump and Stokes lasers. 
We also characterised the signal uniformity of our system, finding that over the full 
imaging field of view that the signal was not uniform. We also showed that the lasers 
used were capable of inducing photodamage in our samples, including membrane 
blebbing and breakdown, as well as ablative damage. This damage did not appear to 
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7.1 Four-wave mixing 
To establish that the two laser beams were temporally and spatially overlapped we 
used metal oxide nano particles as a test sample. Metal oxides such as TiO2 have 
much higher third order non-linear susceptibilities (χ
(3)
) than biological 
samples.
131,132
 Much of this difference is in the non-resonant contributions such as 
the two-photon enhanced electronic resonance due to the nature of TiO2 as a wide 
band gap semiconductor.
169
 This makes them an attractive test samples to use before 
a system is fully optimised as they will generate high signals and should be easy to 
detect. 
TiO2 nanoparticles were imaged with a pump laser tuned to 780 nm and a Stokes 
laser at 1064 nm. The laser power was 13.8 mW for the pump laser and 5 mW for the 
Stokes laser. The gain was set to 6.0 in the Nikon C1 software and the pixel dwell 
time was 1.68 μs. The image taken with this setup is shown in Figure 66. The TiO2 
nanoparticles showed up as saturating bright points of light even at the fastest scan 
times indicating that the beams were aligned correctly allowing four wave mixing to 
occur. 
 
Figure 66 Forward CARS image of TiO2 nanoparticles on a glass cover slip. 
A further test to prove that the signal was generated by four wave mixing was to 
cover one of the laser beams, or adjust the delay stage to move the laser pulses out of 
alignment temporally. Both of these tests should eliminate any CARS signal. An 
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example of the results from this test is shown in Figure 67, below. RAW264.7 cells 
were imaged with a pump laser tuned to 817 nm and a Stokes laser at 1064 nm. The 
laser powers were 13.4 mW for the pump laser and 30 mW for the Stokes laser. The 
gain was set to 6.9 in the Nikon C1 software and the pixel dwell time was 61.44 μs. 
 
Figure 67 F-CARS images of RAW264.7 macrophage cells. A. The pump and Stokes beams have 
been switched on or off according to the green and red lines respectively as the image is 
scanned. B. The time delay between the two beams is altered. Red indicates the beams are 
aligned temporally, whilst white indicates they are out of alignment. 
Cutting either of the beams or adjusting the delay stage to move the beams out of 
temporal alignment eliminated the signal coming from the sample.  
7.2 Power measurements. 
The intensity of the CARS signal should be linearly related to the intensity of the 
Stokes beam, whilst quadratically related to the intensity of the pump beam as shown 
in the following equation (see chapter 2.7.1): 
           
    
To measure the effect of changing the Stokes power, we used paraffin wax on a glass 
slide as the sample. The pump laser was set to 817 nm and measured at 24.8 mW. 
The intensity of the 1064 nm Stokes laser was controlled by adjusting the attenuator 
between 600 and 925 to give a power ranging from 1.6 to 20.5 mW. The gain was set 
to 6.5 in the Nikon C1 software and the pixel dwell time was 1.68 μs. Each image 
was averaged 5 times using a Kalman filter before recording. For each data point, the 
area in the resultant image considered to contain the sample was averaged. The 
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results are shown in Figure 68. The line was fitted with an equation of y = 0 + 33.3x. 
The adjusted R-value of the line of best fit is 0.998 demonstrating a good linear fit. 
 
Figure 68 Graph showing the relationship between the CARS signal intensity and the Stokes 
laser power. A line of best fit is shown in black. 
The effect of the pump laser power was measured using 5 μm polystyrene beads on a 
glass slide as a sample. The 1064 nm Stokes beam was set at 31 mW. The pump laser 
was set to 803.5 nm and adjusted between 4.5 to 20.3 mW using a half-wave plate. 
The gain was set to 6.45 in the Nikon C1 software and the pixel dwell time was 1.68 
μs. Each image was averaged 3 times before recording. For each data point, the area 
in the resultant image considered to contain the sample being imaged was averaged. 
The results are shown in Figure 69. The line was fitted with an equation of y = 0 +    
15.3x + 2.9x
2
. The adjusted R-value of our second order line of best fit is 0.999 
demonstrating a good quadratic fit. 
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Figure 69 Graph showing the relationship between the CARS signal intensity and the pump 
laser power. A line of best fit is shown in black. 
Modulating the power of either the pump or Stokes lasers affects the intensity of the 
CARS output as expected indicating that the resultant image is due to a four wave 
mixing process. 
7.3 Vibrational resonances and CARS spectra 
To test the effect of vibrational resonance on the CARS signal we used a mix of 
1 μm PMMA microspheres and 3 μm polystyrene microspheres in air. Taking images 
with the pump and Stokes lasers set to wavelengths where a Raman signal would be 
generated in both compounds, and then only in polystyrene shows that the CARS 
signal we see is in part due to a vibrationally resonant component. The microspheres 
were imaged with a pump laser tuned to 815.3 nm and then 803.3 nm with laser 
power at 18.6 mW for both wavelengths. The 1064 nm Stokes laser was set at 
30.2 mW. The gain was set to 6.0 in the Nikon C1 software and the pixel dwell time 
was 11.04 μs. Each image was averaged 5 times before recording. 
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Figure 70 F-CARS images of polystyrene and PMMA microspheres. A. At an effective Raman 
frequency of 3060 cm
-1
 only polystyrene microspheres are visible. B. When the pump 
wavelength is altered to give an effective Raman frequency of 2870 cm
-1
 both the polystyrene 
and PMMA microspheres are visible. 
CARS spectra can be obtained by adjusting the pump wavelength in small steps 
between whilst keeping the power and other settings constant. We examined the 
CARS spectra of polystyrene, polyethylene and PMMA in the C-H stretching region 
and compared the results to the Raman spectra. An example of the data required to 
generate a CARS spectrum is shown in Figure 71.  
For polyethylene, we used 2 μm commercial polyethylene particles on a glass slide 
as our sample. The 1064 nm Stokes beam was set at 31 mW. The pump laser was set 
altered from 810.8 to 819.6 nm whilst kept at a power of 8 mW. The gain was set to 
6.2 in the Nikon C1 software and the pixel dwell time was 4.56 μs. Each image was 
averaged 3 times before recording. For each data point, the signal for the area in the 
resultant image containing the sample was summed up and then averaged. Each data 
point was then plotted alongside the Raman spectrum of the compound as shown in 
Figure 72. The Raman spectrum of polyethylene in the C-H stretch region includes 
peaks at both 2845 and 2880 cm
-1
 due to symmetric and asymmetric C-H 
stretches.
137
 These features are repeated in the CARS spectrum at the same 
wavenumbers. 
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Figure 71 F-CARS images of polyethylene particles taken at different wavelengths. The intensity 
data from these images can be used to construct a CARS spectrum. 
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Figure 72 Raman spectrum (red line) and CARS spectrum (black line and crosses) of 
polyethylene. 
For polystyrene, 5 μm polystyrene particles were placed on glass cover slips as a 
sample for measuring the CARS spectrum. As the C-H ring breathing stretch at 3060 
cm
-1
 was of interest the pump wavelength was varied between 801.2 and 821 nm 
whilst keeping a laser power of 6.8 mW. Two separate band pass filters were needed 
to cover this region to ensure a 90% or better transmittance rate for the CARS signal 
through the filter. One was used between the 801-805 nm and another was used 
between 810-821 nm. The 1064 nm Stokes beam was set at 6.3 mW. The gain was 
set to 6.25 in the Nikon C1 software and the pixel dwell time was 61.44 μs. For each 
data point, the signal from the area in the resultant image that contained the sample 
was summed up and then averaged. Results are shown in Figure 73. 
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Figure 73 Raman spectrum (red line) and CARS spectrum (black line and crosses) of 
polystyrene. 
The peak at 3060 cm
-1
 in polystyrene due to C-H bonds in the phenyl ring stretching 
is repeated in CARS spectrum at the same wavenumber. The chain C-H stretching 
appears to be blue shifted slightly compared to the Raman spectra peaks. It has been 
suggested that the interaction of the non-resonant and resonant terms leads to a red 
shift in the spectrum to lower wavenumbers and interference with other resonant 
peaks can lead to unpredictable spectra (see Figure 12 for more details).
95
 
For PMMA, 1 μm PMMA beads were placed on glass cover slips as a sample for 
measuring the CARS spectrum. The 1064 nm Stokes beam was set at 26 mW. The 
pump laser was altered from 808 to 819.9 nm whilst it was kept at a power of 8 mW. 
The gain was set to 6.5 in the Nikon C1 software and the pixel dwell time was 61.44 
μs. For each data point, the area in the resultant image considered to contain the 
signal was summed up and then averaged. Each data point was then plotted alongside 
the Raman spectrum of the compound as shown in Figure 74. 
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Figure 74 Raman spectrum (red line) and CARS spectrum (black line and crosses) of PMMA. 
The PMMA Raman peaks are again repeated in the CARS spectrum, the 2953 cm
-1
 
peak appears at the same wavenumber whilst the 2843 cm
-1
 peak appears red shifted 
slightly. 
The similarity between the Raman spectra and CARS spectra of these compounds 
suggests that there is a large resonant component to the images acquired. This in turn 
will allow identification of different compounds based around the signal levels at 
their resonant wavelengths. 
We tried using our setup to detect Raman resonances around 1600 cm
-1
, which would 
produce CARS photons around 794 nm. The detectors used in our CARS setup have 
a limited quantum efficiency range, dropping to less than 14% with incoming 
photons above 640 nm in wavelength (CARS photon wavelength when measuring a 
Raman resonance at 3060 cm
-1
), and less than 7% above 794nm (CARS photon 




 We were able to 
record an image from polystyrene at a Raman shift of 1600 cm
-1 
as shown in Figure 
75. This image was recorded with the 1064 nm Stokes beam set to 28.4 mW. The 
pump laser was tuned to 909.6 nm and the power measured after the objective was 
18.2 mW. The gain was set to 7 in the Nikon C1 software and the pixel dwell time 
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was 410 μs. The image took 107 seconds to record, noticeably slower than the typical 
times used when the Stokes and pump lasers were set to vibrationally resonant with 
Raman wavelengths in the C-H stretch region which typically took less than 10 
seconds to record an image. 
 
Figure 75 Forward CARS image of three polystyrene beads recorded with an effective Raman 
wavelength of 1600 cm
-1
. 
7.4 Optical Sectioning 
We used a phantom consisting of polystyrene beads in a 3% agarose gel to test the 
optical sectioning capability of our CARS setup. The 1064 nm Stokes beam was set 
at 16.4 mW. The pump laser was set at 803.5 nm and the power measured was 
22.4 mW. The gain was set to 6.35 in the Nikon C1 software and the pixel dwell time 
was 15.36 μs. A stack of 81 images were recorded with the z-plane increasing by a 
height of 0.25 μm on each image recorded which was close to 4× the calculated z-
resolution (see section 3.3.1 on CARS resolution). The images were then resliced in 
ImageJ as required and displayed as projections of the highest detector count in the 
image stack. The result is shown in Figure 76. The images collected clearly showed 
that polystyrene beads embedded at different depths are visible although there does 
appear to be some distortion to the spherical bead shapes. The images taken in the 
agar phantom also show a background signal, highlighting the contribution of 
unwanted resonant and non-resonant signals to the image. 
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Figure 76 F-CARS images of polystyrene beads in agar. z-projections showing the maximum 
collected signal are shown along the xy, xz and yz planes. For the xz and yz images, upwards and 
rightwards is upwards from the inverted objective. This is the same for all planar visualisations 
in the this thesis. 
7.5 Beam scanning uniformity 
CARS images produced using the maximum 212 μm field of view from our setup 
produced a noticeably non-uniform level of CARS signal. This effect is shown in 
Figure 77 A. To overcome this problem many of the images taken were scanned with 
a reduced field of view, typically 100 μm on smaller where the image appeared more 
uniform as shown in Figure 77 B and these settings were used for the majority of 
images taken. 
 
Figure 77 F-CARS images of a 50% methanol solution. A. The full field of view available with 
the 60× oil immersion objective with a noticeable drop in signal at the peripheries of the image. 
B. The field of view is reduced giving a more uniform signal over the scanned area.  
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Fine adjustment on the mirrors in the collecting lens had a large effect on signal 
levels across the image, as did adjusting the angle of entry for the lasers into the 
scanning unit. It is also possible that the two different wavelengths used were not 
superimposed on each other before entering the focal unit, or they diverged from 
each other whilst going through the scan unit and objective. 
7.6 Photodamage and photobleaching 
The CARS process does not involve an electronic transition but a virtual one. 
Because of this there are no excited states to depopulate and no photobleaching effect 
occurs. However, photodamage can occur due to both linear absorption and to 
multiphoton effects from one or both of the lasers used.  
The main types of photodamage that we observed were ablation of samples, this was 
possibly due to previously reported plasma formation.
171,172
 Examples of this are 
shown in Figure 78. This photodamage occurred whilst using the lasers in both 
temporally aligned and unaligned configurations suggesting that this photodamage 
was not dependent on any vibrational absorption occurring. Membrane blebbing and 
breakdown were also observed as shown in Figure 79. This photodamage also 
occurred when just the 817 nm pump beam was used to scan the sample, but not 
when the 1064 nm Stokes beam was used in isolation.  
 
Figure 78 A. Clockwise from top left showing consecutively scanned F-CARS images of HEK 
293 cells and the ablative photodamage that results. B. The central area had been scanned 
previously for 5 minutes with the CARS setup although a delay was introduced between the two 
beam pulses to prevent four-wave mixing.  
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Figure 79 A. F-CARS image of membrane blebbing in NIH3T3 fibroblast cells. B. Clockwise 
from top left. CARS images of membrane breakdown in cells. 
We imaged 5 μm polystyrene spheres within a near index matching oil with a variety 
of beam setups to investigate the source of the photodamage. Imaging with only the 
1064 nm Stokes laser on the sample did not produced any visible photodamage on 
the polystyrene spheres whilst imaging with only an 803.5 nm pump beam 
completely ablated the sample within 50 consecutive scans. We noticed that 
consecutive scans and discontinuous scans separated by 60 seconds both produced 
visible photodamage at similar rates. Discontinuous scanning seemed to produce 
many small sites of damage, whilst the continuous scanning produced fewer, but 
larger sites of damage as shown in Figure 80. 
 
Figure 80 F-CARS images of 5 μm polystyrene microspheres after 33 scans. A. Shows the results 
from a continuously scanned sample of latex spheres B. Shows the result of latex sphere scanned 
the same number of times as A. but with a 60 second delay between each scan. 
7.7 Conclusions 
We have demonstrated that our multiphoton setup could record CARS signals. The 
system was able to record CARS images from a variety of different wavelengths 
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although performed the best when the CARS photons were closest to the optimal 
detection efficiency of the photomultiplier tubes. Our setup produced sufficient 
resonant signals to reproduce Raman spectra from samples which will help to 
identify different compounds whilst being imaged. 
Prolonged exposure of biological samples to the laser beams used in the CARS 
process does produce photodamage, and so careful consideration will need to be 
made when choosing excitation powers and wavelengths to study.  
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8 Model Particles 
Summary 
Although much theoretical work has been undertaken to resolve the nature of the 
CARS signal, there are few experimental results demonstrating how changes in size 
of the particle and refractive index of the bulk surroundings affect the measured 
CARS signal. We examine single particles under both forward and epi-detection 
conditions. 
Model particles made of polystyrene were relied upon due to their availability in a 
number of defined size ranges. We show that as the particle size increases, so does 
the forward CARS signal generated, although much of this effect appears to be 
related to refractive index changes between the particle and the surroundings. Small 
particles of 100 nm diameter were shown to be difficult to make out from the non-
resonant background.  
Epi-detected CARS signals in our setup were found to be much weaker than the 
forward CARS signals. Contrary to the theoretical calculations we found that smaller 
particles (<1 μm) did not have a greater E-CARS signal than large particles (> 1 μm). 
We attribute this to the majority of the epi-detected CARS signal being made up of a 
reflection of the forward CARS signal. 
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8.1 Forward CARS on model particles in air 
We used a set of polystyrene beads with diameters measuring 0.5, 0.75, 1, 2, 3 and 
5 μm to measure the CARS signal generated in the forward direction. Beads were 
deposited on glass cover slips and then measured at the 3060 cm
-1
 peak. The Stokes 
beam set to 1064 nm and pump beam set to 803.5 nm, both beams were set to 8 mW 
of power. The gain was set to 6.6 in the Nikon C1 software and the pixel dwell time 
was 5.04 μs. The field of view was limited to 75 μm and z-stacks were taken with a 
0.1 μm spacing. Averages of 6 traces through the centre of each bead were plotted as 
shown in Figure 81. It was noticeable that the larger the bead size, the greater the 
CARS signal that was detected. This effect seemed to lessen as the beads approached 
5 μm in size. The other effect noticed is that the generated CARS signal extended 
beyond the actual bead diameter. 
 
Figure 81 Graph showing the CARS signal intensity of polystyrene beads taking through the z-
axis. Particles were imaged air with traces showing the average of n = 6 beads. 
It is well reported that the CARS signal is related to the square of the number of 
vibrational oscillators
95
 and so we would expect that the larger beads, would generate 
larger CARS signals as seen. However, this effect should be limited by the focal 
excitation volume.
173
 It is possible that our beams are not focussed perfectly due to 
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chromatic aberrations in the lens. This leads to focal spots separated on the z-axis. 
We have shown that the z-axis resolution is around 1 μm which would help to 
explain the lengthening effect. This is also enhanced by refractive index mismatches 




8.2 Forward CARS on model particles in water and oil 
To further investigate the effects of refractive index mismatches between our 
polystyrene samples (n = 1.57-1.58 between 800 and 1064 nm) and its surroundings, 
we took CARS image stacks in water (n = 1.33) and immersion oil (n = 1.52). The 
CARS setup was the same as the previous experiment, including the same gain value 
set in the software so the images were comparable. Image projections of the 3 μm 
beads are shown in Figure 82. The images show that as the refractive index of the 
surroundings increases to match that of the sample, the image of the bead becomes 
more uniform and less distorted. The signal levels recorded decrease as the refractive 
index of the surroundings increases. There is also a larger non-resonant background 
signal present in the water and oil images. 
 
Figure 82 F-CARS images of 3μm polystyrene beads in different surrounding media. A-C show 
xy projections whilst D-F show yz projections of the beads. A and D are taken in air, B and E are 
taken in water and, C and F are taken in immersion oil. 
 
Model Particles 111 
Average traces through the centres of the beads in the near index matching oil are 
shown in Figure 83. The CARS signal through the bead is shown to be more 
uniform, and there is less apparent deformation in the shape of the bead through the 
z-axis. There appears to be a drop in the signal level for the 3 μm bead as shown by 
the red line in Figure 83, this may be due to power fluctuations which sometimes 
occurred when the cooling system was not functioning optimally. It can also be seen 
that the maximum signal of the 5, 3 and 1 μm beads are closer to each other than in 
air. 
Plotting the maximum collected signal from the beads shown in Figure 84 shows that 
when immersed in the near index matching oil the maximum collected signal is 
achieved around 1 μm diameter, which is close to the theoretical predictions where 
the maximum signal should come from any bead larger than the focal point of the 
laser beams. The background level was around the levels shown in Figure 81 and 
Figure 83, respectively for air and oil. 
The increased signal in the air is likely due to the focal point becoming trapped in the 
polystyrene bead due to the large refractive index mismatch as explained by Djaker, 
et al.
99
 The apparent laser focal point and the actual focal point differ due to the 
refractive index mismatch. As the focal point moves through the bead’s z-plane, the 
excitation intensity may increase as the focal point is compressed into a smaller area 
at the bottom surface of the bead. This also explains why the CARS signal is 
generated outside of the confines of the bead. The beams actual focal point is trapped 
within the bead even if the apparent focal point should be outside (see Figure 17 and 
related text for details). 
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Figure 83 Graph showing the signal intensity taking through the z-axis of polystyrene beads of 
increasing diameters imaged in near index matched oil (n = 1.52). Graphs show the average of 
n = 6 beads. 
 
Figure 84 Graph showing the maximum collected forward CARS signals from polystyrene 
beads of increasing diameter. The graph shows beads in air (black) and red (oil) ± standard 
deviation n ≥ 6. 














































Model Particles 113 
8.3 100 nm sized polystyrene particles 
The smallest model particles that we were able to image using CARS were 100nm in 
diameter. We used the highest laser power possible without burning the samples, and 
took an average of 3 readings to obtain the best possible image. The Stokes beam 
was set to 1064 nm and 30 mW of power whilst the pump beam set to 803.5 nm and 
25 mW of power. The gain was set to 7 in the Nikon C1 software and the pixel dwell 
time was 61.44 μs. The field of view was limited to 30 μm. The resulting image is 
shown in Figure 85. Due to the very low signal levels it is hard to make out whether 
individual particles are visible, rather than smaller clusters of particles. The coherent 
nature of the process means the CARS signal generated in the excitation volume is 
proportional to the square of the concentration of vibrational oscillators. Individual 




If particles do not cluster together in cells, sub micron sized particles may not be 
visible in our system. However, if the particles do agglomerate together, then even 
nanometre particles may be detected as clusters of particles within a cell. 
 
Figure 85 Forward CARS image of 100 nm polystyrene beads in water. 
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8.4 Epi-detected CARS on model particles 
In the epi-detected setup the back scattered light is collected by the objective lens. In 
theoretical calculations, it has been shown that a similar forward and backward signal 
is generated from scatterers that are smaller than the excitation beams, whilst larger 
scattering objects (such as the solvent) should be confined to the forward direction. 
91,97,173
 However, it has also been suggested that the majority of the epi-detected 
signal is a backward scattered reflection of the forward CARS signal.
99
 
As with the forward detected experiments, polystyrene beads were deposited on glass 
cover slips and then measured at the 3060 cm
-1
 peak. The Stokes beam was set to 
1064 nm and 35 mW of power whilst the pump beam set to 803.5 nm and 32 mW of 
power. The gain was set to 6.3 in the Nikon C1 software and the pixel dwell time 
was 61.44 μs. The field of view was limited to 100 μm and z-stacks were taken with 
a 0.15 μm spacing. The CARS power needed to generate comparable images to our 
F-CARS was much higher. Our epi-detected setup had the collection of the 
backwards scattered light going through both the objective lens and the scan unit. 
The efficiency of this detection path, coupled with a fibre connection to the detector 
are other possible explanations of the low CARS signal detected. 
One of the first noticeable results was that despite using the same set of filters, we 
were unable to completely remove all unwanted laser light. Figure 86 shows what we 
considered to be a reflection from the glass cover slip of the pump laser. Although 
covering one of the lasers or changing the time delay seemed to eliminate the CARS 
signal generated by the polystyrene beads, we still had a background present that 
only disappeared when the pump laser was turned off. 
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Figure 86 Epi-detected CARS images of polystyrene microspheres. A. The pump and Stokes 
beams have been switched on or off according to the green and red lines respectively as the 
image is scanned. B. The time delay between the two beams is altered. Red indicates the beams 
are aligned temporally, whilst white indicates they are out of alignment 
In Figure 87 we show the projected view of a typical single bead taken under the epi-
detected conditions described previously. We were unable to see any CARS signal 
detected from a polystyrene bead in the near index matching oil. The signal from the 
bead generally looked quite even when viewed from the xy plane in both air and 
water. The yz projected views are very different to those found in the F-CARS 
images shown in Figure 82. In air, there is a large signal visible where the bead sits 
on the glass cover slip (the glass cover slip is also visible due to the reflection of the 
pump beam being detected) and then a large column above that extending almost 
10 μm above the plane of the glass surface. In contrast, the yz image of the bead in 
water does not show a signal from the glass cover slip, and the signal seems to be 
contained within a rough 3 μm sphere. Again, the signal level is not uniform across 
the bead but appears concentrated around the upper surface.  
 
Model Particles 116 
 
Figure 87 E-CARS images of 3μm polystyrene beads in different surroundings. A and B show xy 
projections whilst C and D show yz projections of the beads. A and C are taken in air whilst B 
and D are taken in water. No signal was detected from beads in immersion oil. 
As we were not able to see any CARS signal when the beads were immersed in the 
oil it seems likely that the results from air and water were the results from a 
backwards reflected forward CARS signal rather than any backwards generated 
CARS signal. The yz projected images of all the beads imaged in water (shown in 
Figure 88) shared the same characteristic of a larger CARS signal emanating from 
the top surface of the bead. 
 
Figure 88 Epi-detected yz image projections of polystyrene beads. Left to right 0.75, 1 , 2, 3 and 
5 μm. 
The overall signal levels from the beads did not behave in the manner that had been 
calculated by Cheng et al.,
92
 who predicted a maximum signal achieved when the 
scattering sphere diameter was around 0.3 to 0.8 times the size of the pump 
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wavelength and a 10
4
 times smaller signal when the diameter was five times the size 
of the pump wavelength. In Figure 89 we show the maximum collected signal from 
our epi-detected tests in air and in water. In air, we found that our detector was 
saturated by the signal from the 1 μm beads, but we did see larger signals coming 
from beads with a larger diameter than the pump wavelength, rather than the smaller 
diameter beads as might be expected. Although the overall signal level was much 
smaller for the beads measured in water, the resulting pattern was similar to that 
attained in air, with the beads larger than the pump wavelength generating a stronger 
signal than those larger than the pump wavelength. 
 
Figure 89 Graph showing the maximum collected epi-detected CARS signals from polystyrene 
beads of increasing diameter. The graph shows beads in air (black) and water (red) ± standard 
deviation n ≥ 6. 
8.5 Conclusions 
The behaviour of polystyrene beads gives us a good idea on what to expect when 
imaging particles within cells and any limitations we may encounter. We can see 
from the forward CARS images that the signal levels for individual particles behaves 
similarly to the theoretical calculations, although the refractive index of the 
surroundings can alter the signal levels to a large extent. This is especially important 
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given the variety of different micro-environments within a cell where particles could 
reside which vary from n = 1.3 in water filled vacuoles to n = 1.7 in melanocytes.
99
 
However, we found that viewing very small particles on a single plane was still a 
challenge even when we used long acquisition times and averaged multiple images.  
Our work on the epi-detected CARS setup has shown a number of problems that 
need to be considered when interpreting results. The main issue is the inability to 
completely filter out all of the non-CARS signals, particularly the reflection of the 
pump beam. Even using the same set of filters as used in the F-CARS setup there still 
appeared spurious signals. We were also not able to see any signal from CARS beads 
in a near index matching oil. The images of the beads in water also looked like a 
strong CARS signal was coming from the upper surface of the bead. When these 
results are taken in conjunction it suggests that we may not be able to detect any 
backwards generated CARS signal with our setup, and we are just looking at a back 
reflected forward CARS signal. This may not be that surprising considering the 
phase matching requirements that show that the resonant CARS signal is generated 
in the same direction as the pump and Stoke lasers (see Figure 10). We also found 
that we needed to use high laser powers and long acquisition times to generate 
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9 Cellular imaging 
Summary 
In this chapter we explore the use of our CARS microscope to image a number of 
different cell types with and without added micro particles. We show that on 
resonance images taken in the C-H stretch region allow cells to be identified against 
the background solvent. Features that indicate lipid droplets and the nuclear 
membrane are often clearly visible due to high CARS signals from these regions. 
The nucleus is visible as a dip in signal levels at the centre of a cell. Off-resonant 
images provide only faint outlines of cells and some features, with most of the cell 
appearing similar to the background solvent.  
We imaged both organic and inorganic micron and sub micron sized particles. Larger 
particles were visible in cells as individual beads, whereas the smaller sub micron 
sized particles were visible as regions of more intense CARS signal. By probing 
different Raman resonances we were able to isolate the added particles from broad 
resonant and non-resonant signals. Live cell imaging could be performed as well as 
3D imaging to help explore the spatial and temporal relationships between particles 
and cells. These methods were used to estimate the volume of wear particles within 
the cells.  
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9.1 Imaging cells 
We imaged a variety of cell types with the following setup: the Stokes laser was set 
at 1064 nm and the pump set between 817.1 and 817.3 nm to probe a Raman 
resonance around 2840 cm
-1
 in the lipid stretching region. The power of the laser was 
set approximately 30 mW for the Stokes laser and 20 mW for the pump laser. The 
gain was set between 6 and 7 in the Nikon C1 software, whilst the pixel dwell time 
was set between 30 and 61.44 μs. Unless otherwise stated, these settings are used in 
all the images measured throughout this chapter. The images obtained from cells are 
shown in Figure 90 and demonstrate a number of differences and similarities in 
CARS signals within these cells. In Figure 90 A, the HL-60 cells (a human 
promyelocytic leukemic cell line) have been differentiated into macrophage like cells 
using TPA. It has been reported that differentiation of these cells results in the 
formation of large lipid droplets
174
 and these are clearly visible in the CARS image. 
The other cell types all contained lipid droplets but these were smaller and far less 
numerous than the HL-60 cells. In all cells it was clear that the signal from the 
nuclear region was lower than the rest of the cell, indicating that this region contains 
fewer lipid molecules than the cytoplasm of a cell. In Figure 90 C, it can be seen that 
many of the RAW 264.7 cells (a mouse leukaemic monocyte macrophage cell line) 
appear multi-nucleated, belying their osteoclast like nature.
175
 Encircling the nucleus 
in many of the cell types (particularly noticeable in Figure 90 D and E) is a ring of 
higher intensity signal which may be the nuclear membrane. Inside the nuclear 
region there is some variability in signal. DNA and proteins produce Raman signals 
in the C-H stretch region as well as lipids and these may be contributing to the CARS 
signal in this region. It has also been hypothesized that larger CARS signals in the 
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The images in Figure 91 have been taken at an off resonance frequency by adjusting 
the pump wavelength to 803.4 nm to probe a Raman resonance of 3060 cm
-1
. At this 
wavelength the CARS image appears mostly uniform across the image with only 
faint outlines of the cell and some cellular components visible. The non-resonant 
background seems to be mostly uniform across the cell and the background solvent. 
This low level of signal in non-resonant images make them a good background to 
image particles against that contain a Raman peak that lies outside of the normal 
biological range. 
 
Figure 91 Forward CARS images of cells taken at an off resonance wavelength (3060 cm
-1
), A. 
RAW 264.7 cells, B. HL-60 cells. 
9.2 Z-stacks of cells 
One of the most promising aspects of taking images of cells by CARS microscopy is 
that each image is optically sectioned due to the tight focussing constraints for four 
wave mixing to occur. By focusing the lasers at different depths through the cell, 
images can be recorded at different depths as shown in Figure 92. A full image stack 
can reveal information about the size, shape and structure of a cell. 
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9.3 Imaging metal oxide particles in cells 
It has previously been established that CARS is a useful tool to image metal oxide 
particles due to their broad four wave mixing response which allow them to be 
imaged at non-resonant wavelengths to aid visibility.
130,131,176
 Cells that had been 
incubated with TiO2 particles for 24 hours were imaged at two different wavelengths, 
3060 cm
-1
 where only the TiO2 particles are visible, and at 2850 cm
-1
 where cellular 
components rich in lipids are visible as well as the TiO2 particles. Figure 93 shows z-
projections of HL-60 cells taken at both wavelengths and the combined image where 
the areas that contain signals in both measured wavelengths show up in yellow. The 
inherent optical cross-sectioning of the CARS microscope also allows for the 3D 
localisation of particles in cells. Figure 94 shows TiO2 particles in RAW 264.7 cells. 
The xy image is a z-projection whilst the xz and yz are images taken from a reslice of 
the image stack across the white dashed line.  
 
Figure 93 Forward CARS images of an HL-60 cell with TiO2 particles. A. The red graded image 
is taken at 3060 cm
-1
, showing only the TiO2 particles in the cell. B. The green graded image is 
taken at 2850 cm
-1
 showing both lipid rich cell compartments as well as TiO2 particles. C. 
Merged image of A and B, TiO2 particles show up in both images so appear yellow whilst the 
cell components remain green. 
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Figure 94 Multi-planar visualisation of F-CARS images of TiO2 particles in RAW 264 cells. A 
red image (representing a CARS image take at 3060 cm
-1
) and green image (representing a 
CARS image taken at 2850 cm
-1
) have been overlaid on top of each other. Slices are taken from 
the recombined image stack along the white dotted lines. Arrows points to the particle found at 
the intersection of the two slices.  
9.4 Imaging polystyrene particles in cells 
Polystyrene particles of known sizes were incubated with RAW 264.7 or HL-60 cells 
macrophage cells. Working with polystyrene particles has many advantages to favour 
its use as a model particle with which to challenge cells, particularly when compared 
with polyethylene. The density of polystyrene is 1.05 g cm
-1
 which is heavier than 
water. This allows particles to sediment when mixed with growth media in tissue 
culture and enables interaction of cells with particles. Generating the same 
interactions with cells and polyethylene particles is not a trivial challenge; 
polyethylene has a density of only 0.97 g cm
-1
 so particles float away from cells in 
culture. Culture systems that encourage polyethylene-cell interactions usually require 
either an inverted culture setup,
48,77
 or that particles are fixed to the surface of the 
culture vessel, usually in a gel, to help maintain particle-cell interactions.
177
 
Polystyrene also contains a strong Raman peak centred around 3060 cm
-1
, (due to the 
C-H ring breathing – see chapter 4.1.2 ) that is not found in cells. This Raman peak 
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makes it easier to pick out the resonant polystyrene signals in CARS images. 
Polystyrene is also available in a number of micron and sub-micron size ranges 
which will allow us to assess the capabilities of our CARS system. 
CARS images of RAW 264.7 cells treated for 24 hours with polystyrene beads were 
taken at the C-H stretch (ωp-ωs = 3052 cm
-1
). The sensitivity of the detector was 
varied between samples giving rise to variable background intensities. Due to the 
length of time the cell was examined with the laser, fixed cells were used instead of 
live cells to prevent cell movement during imaging. Figure 95 shows z-projections of 
the imaging data taken through the xy plane. Larger polystyrene particles (1 μm and 
larger) as shown in Figure 95 A and B are individually recognizable in cells and 
found throughout the cell cytoplasm. Smaller polystyrene particles (less than 0.5 μm) 
as shown in Figure 95 C are no longer distinct as individual particles but found 
clustered in or around spherical regions inside of the cell. The 100 nm particles 
shown in Figure 95 D are only visible as discrete areas in the cell exhibiting a strong 
CARS signal. The variable signal intensity is likely due to a number of factors 
including depth in the stack at which the particle is imaged, the cellular environment 
it is located within, and interference with other scattering objects. 
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Figure 95 Forward CARS images of cells incubated with polystyrene particles. A. 3 μm, B. 1 
μm, C. 0.5 μm, and D 100 nm polystyrene spheres. 
Changes in the rate of phagocytosis as well as the location of the particles within 
cells can be tracked over time. We can achieve this either by monitoring a single 
field of cells over an extended time period to create a time lapse image of the 
process, or image cells from a batch treated the same way at different time periods. 
Both methods have their own advantages and drawbacks. Continually imaging a 
single sample will lead to a build up of photodamage within the cell as the laser light 
is continuously scanned over the cell. This will affect the normal physiological 
responses of the cell and eventually lead to cell death. Due to the slow rate of image 
acquisition, sequentially scanning will prevent taking image stacks at different depths 
due to the rate of cell movement. Cells from a batch all treated the same way can 
have a representative sample taken at different time points. This has the advantage 
that cells can be fixed and a full image stack can be acquired, although this means 
that each image stack is of different cells from a different batch. 
Figure 96 shows some images captured from a time-lapse recording of a RAW 264.7 
cell incubated with 1 μm polystyerene particles. The images were recorded with the 
pump and Stokes lasers tuned to the image the 2850 cm
-1
 vibration, to allow 
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visualisation of both the cell and the particle. The images were recorded at a rate of 1 
image per 2 minutes. A single particle can be seen being phagocytosed by the cell. 
 
Figure 96 Forward CARS images of a single RAW 264.7 cell phagocytosing a 1 μm polystyrene 
bead indicated by the arrow. Taken from a time lapse recording lasting 4 hours.  
Figure 97 shows images taken from RAW 264.7 cells that had been incubated with 
polystyrene. At the time points noted a batch of cells was removed, washed and then 
fixed before imaging in the CARS microscope. Images were recorded at both 2850 
and 3060 cm
-1
. Although individual cells could not be tracked over time, this method 
does give an idea as to the rate at which particle ingestion is occurring, and where the 
particles end up in the cell as image stacks can be recorded. It can be seen that even 
after 1 hour, some particles have already been phagocytosed into the cells. At 3 hours 
it is clear that small clusters of particles are forming in the cytoplasm. As time 
progresses, the CARS signal from these regions increases suggesting more particles 
are being stored there. No particles are found in the nuclear region. 
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Figure 97 Forward CARS images of RAW 264.7 cells incubated with 0.3 μm polystyrene 
particles. Image intensities below a manually defined threshold were removed. Number of hours 
after incubation with particles is listed on the left of the two images, one taken with ωp-ωs tuned 
to 2850 cm
-1
 and one at 3060 cm
-1
. All images are matched pairs except for those taken at 7 
hours.  
9.5 Forward vs epi-detected CARS in particle imaging 
The results obtained in (Figure 89) showed that epi-detected CARS setup showed 
some suppression of CARS signal from large scattering objects. However, it required 
longer exposure times and more laser power to generate CARS signals of a similar 
level to a F-CARS image. Investigating the use of epi-detected CARS as the 
detection setup for imaging particles within cells was still worth investigating as it 
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was still possible that the suppression of large scattering objects could help generate 
better contrast for the particles in cells. 
We used HL-60 cells that had been differentiated with 1 nM TPA for 24 hours and 
then incubated with polystyrene particles for 24 hours as our model cell. Images 
were taken with both forward and epi-detected geometries and shown as z-
projections in Figure 98. Although the laser power was kept constant between the 
two imaging geometries, the pixel dwell time was doubled for the epi-detected 
CARS images and the gain setting was set higher.  
 
Figure 98 Projections of forward and epi-detected CARS images of HL-60 cells incubated with 
polystyrene particles taken at 3060 cm
-1
. With 0.75 μm particles: A. Forward CARS, B. Epi 
CARS. With 0.5 μm particles: C. Forward CARS. D. Epi-detected. 
The E-CARS signals for the 0.75 μm particles were much lower than for the forward 
scattered detection, although they were still visible. It is hard to directly compare 
these two images due to both a different background and signal level levels. For the 
0.5 μm particles however, the situation is clearer. The E-CARS images showed 
almost no signal above the background levels, whilst the F-CARS images showed 
clearly visible CARS signals in the same cells. 
It should also be noted that whilst many particles clustering together help generate a 
stronger signal in the forward CARS image due to constructive interference. This 
same interference is destructive in the epi-detected CARS signal. Although epi 
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detected CARS may be a more suitable technique for viewing individual particles, as 
some authors have suggested
133
 this may not be true when particles cluster together. 
9.6 CARS images of polyethylene in RAW 264.7 cells. 
Incubating polyethylene with cells poses a number of challenges, the most notable of 
which is that the density of UHMWPE is lower than water. Although some groups 
have incubated cells with polyethylene with only simple mixing,
46
 we found that 
using this method we could not find polyethylene in cells when imaged. We found 
that the easiest way to ensure cells were kept in contact with polyethylene was to 
coat the culture surface in a sonicated mixture of polyethylene particles and distilled 
water, wait for the solvent to evaporate off, and then gently lay a cell suspension over 
the top. Although this is not ideal for an even distribution of particles due to 
hydrophobic interactions and capillary force effects during drying encouraging 
agglomeration of polyethylene particles, it will still allow us to test our CARS 
microscope. 
RAW 264.7 cells were plated onto glass bottomed dishes that contained polyethylene 
particles from either commercial polyethylene powder or polyethylene from a pin-
on-plate wear simulator. After a 24 hour incubation period, CARS images were taken 
at the 2850 cm
-1
 CH2 vibrational mode. Figure 99 shows z-projections of the cells. 
The commercial polyethylene powder appeared as large, regular shaped particles 
within cells with a very high CARS signal compared to the rest of the cell as shown 
in Figure 99 A. Cells treated with submicron sized debris from a wear simulator are 
shown in Figure 99 B. This image shows many discrete areas of high CARS signal 
ranging up to almost 6 μm in diameter that we attributed to the phagocytosed 
polyethylene. They were mostly spherical in shape with slightly irregular borders, 
similar to what we have previously observed with model particles of polystyrene.
178
  
A current limitation of our system is that we are only able to record images from 
cells in the C-H stretching region rather than the full biological range of the Raman 
spectra. Within this C-H region the Raman spectra of lipids and polyethylene are 
very similar (see results in chapter 4.1.1 and 4.2 to compare). At the present moment 
we cannot say with certainty that the larger CARS signals are definitely caused be 
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polyethylene rather than other CH2 containing structures such as lipids. Expanding 
the usable range in the biological Raman region should allow clearer differentiation 
between these compounds within the cell. 
 
Figure 99 Forward CARS images of RAW 264.7 cells with: A. Polyethylene powder. B. 
Polyethylene from a pin-on-plate wear simulator.  
As the polyethylene signal is so much larger compared to the CARS signal from the 
cell, it is possible to adjust the gain or the pixel dwell time to highlight the 
polyethylene particles. In Figure 100 the gain has been lowered from the images 
recorded in Figure 99. This helps remove the signal from the solvent and cells and 
highlight the details in the polyethylene particles. 
 
Figure 100 Forward CARS images of RAW 264.7 cells, same as Figure 99 but with a lower gain 
setting in the recording software. 
9.7 Using CARS to estimate wear debris volumes 
As CARS has inherent 3D optical sectioning properties due to its multiphoton nature 
we were able to estimate the volume of particles found inside of a cell from image 
stacks. The process involves isolating single cells from an image stacks using a 
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manually drawn mask around the outline of the cell to isolate it from the rest of the 
image. The signal levels in the single cells are then thresholded into three different 
bins indicating: low, medium and high CARS signal. An example of this is shown in 
Figure 101. The threshold for the low signal was adjusted to only include areas of the 
background. The medium threshold included the cell, whilst the high threshold was 
adjusted to represent areas of high CARS signal that indicate polyethylene. This is 
done for all images in the stack, and the number of pixels in each bin for each cell is 
counted. A volume for each pixel is calculated using the inter-stack image spacing as 
well as the pixel area.  
It should be noted that as CARS is a coherent process the standard deconvolution 
process which help to correct the image produced due to focal spot sizes in a 
confocal microscope
179
 system are not valid for a coherent process.
92
  It is likely that 
we are over estimating the volumes measured due to this. 
We measured 10 cells and found a mean measured volume of the entire cell (red and 
white pixels in Figure 101) to be 519 μm
3
 ± 107 μm
3
. The volume of particles inside 
the cell (white pixels in Figure 101) ranged from 10 μm
3
 to 101 μm
3
. The most 
particle heavy cell consisted of over 25% ingested particles compared to cell volume. 
Although we tested only a limited number of cells and the variation in our case is 
likely due to the culture conditions with many particles pre-agglomerated. It does 
demonstrate that CARS could be used to assess particle loads in cells. This 
information could be used to improve in vitro culture conditions by measuring the 
evenness of particle distributions as well as identifying sub populations of 
macrophages that are more active. This could also be applied to ex vivo samples or, 
given the sufficient development of fibre launched CARS systems,
180,181
 may be used 
to directly measure the wear load in patient tissue around prosthetic joints. 
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Figure 101 Thresholding of a single cell. This is shown as a projected image for clarity. The 
thresholds are coloured as follows: low-signal is coloured black and represents the non-cell 
areas; medium-signal is coloured red, and represents the normal cell contents; high-signal is 
coloured white and shows the areas of the cell that are thought to contain ingested polyethylene 
particles. 
9.8 Improving CARS image quality 
The sharp peaks in the polyethylene spectrum suggest another possible method to 
improve imaging contrast by removing unwanted resonant and non-resonant signals 
from the image. Taking two images that lie on and off the polyethylene resonance 
peak but are separated by only a few tens of wavenumbers and subtracting them from 
each other removes the broader resonant responses (from proteins, lipids etc) as well 
as the non-resonant solvent signals. Figure 102 shows CARS images collected from 
cells treated with polyethylene taken on a resonance peak at 2850 cm
-1
 and off 
resonance at 2870 cm
-1
. Subtracting the off resonance image from the on resonance 
image, as shown in Figure 102 C, gives greatly improved contrast due to the removal 
of the broader unwanted signals, although it is likely that some sharp resonant 
features from the cell will remain. 
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Figure 102 F-CARS images of RAW 264.7 cells treated with polystyrene. A and B. On and off 
polyethylene resonant peak images taken at 2850 and 2870 cm
-1
 respectively. C. Difference of 
the two images which removes the broad resonant and non-resonant signals from unwanted 
compounds within the cell and surrounding solvent. 
9.9 Using CARS to image multiple compounds 
The ability of CARS to distinguish between specific chemical compounds due to the 
unique vibrational resonances will be key in completely isolating the chemical signal 
of interest from similar compounds. We demonstrate the ability of CARS to 
distinguish between three separate polymeric compounds added to a cell. Cells were 
incubated for 24 hours with a mixture of PMMA, polyethylene and polystyrene and 




 and 3060 cm
-1
. These three wavenumbers 
corresponded to vibrational peaks in the three compounds respectively. We also 
imaged and then subsequently subtracted an off resonance image taken by adjusting 
the pump laser a few nanometres away from resonance for each image to remove 
unwanted background signals. Figure 103 A, B and C shows the separate images of 
each wavelength in the field of view. A zoomed in image from the white boxed 
region is shown in Figure 103 D. This combined image of single cell shows clear 
identification of individual particles and compounds in the cell in 3D. 
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Figure 103 F-CARS images of RAW 264.7 cells treated with PMMA, polystyrene, and 
polyethylene. A. Image taken at 2950 cm
-1
 showing mainly PMMA particles but also some faint 
traces of the polyethylene. (Image D. is taken from the area in the white box). B. Image taken at 
3060cm
-1
 the ring breathing mode of polystyrene. C. Image taken at 2850 cm
-1
 showing the 
location of polyethylene. D. Multi-planar visualization of the combined wavelengths in a single 
cell. Slices are taken from the recombined image stack along the yellow lines. 
9.10 Conclusions 
We have demonstrated that CARS microscopy can be used to examine cells by 
imaging in the C-H stretch region that occurs in lipid molecules. This allows the 
identification of cellular features against the non-resonant solvent background and 
can provide a cell outline to image other features against. We imaged a number of 
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different micro particles, including the metal oxide TiO2 as well as polymeric 
compounds such as polystyrene, PMMA and polyethylene.  
TiO2 particles incubated with cells could clearly be seen at off-resonant frequencies 
due to the broad nature of the two-photon electronic excitation. Combining on and 
off resonant images graded in different colours allowed metal oxide particles to be 
highlighted by the mixed colour against the cell contents, aiding identification. 
Polystyrene was used as a model non-metallic particle due to the 3060 cm
-1
 vibration 
that did not occur in cells. This allowed for identification of particles against a non-
resonant background. Large particles were visible individually, whilst those smaller 
than 0.5 μm were no longer seen as individual particles. We were able to see CARS 
signals from discrete areas of the cell even when using 100 nm polystyrene particles.  
CARS is a particularly suitable choice when dealing with polyethylene materials 
from surgical components whose function and performance could be altered by 
introducing a labelled tag, or where an alternative material would require approval by 
regulating bodies. We were able to image both commercial polyethylene particles, as 
well as those generated by our wear simulator. Using images taken at different 
vibrational resonances we were able to construct a chemical map of the contents of a 
cell as well as quantifying the amount of material found in a cell. 
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10 Conclusions and further work 
We demonstrated that with our pin-on-plate wear simulator, the pattern of motion of 
the pins against the plate was responsible for changes in the size and shape of wear 
particles produced. A linear pattern of motion produced wear particles that were 
larger than those isolated from revision tissue. Particles produced using an elliptical 
pattern of wear were a closer match, and were subsequently used to challenge 
macrophage cells. 
It is clear from the sizes of wear particles we found and their abrupt cut off at the size 
of the pore filter used (0.1 μm) that there could be smaller wear particles contained in 
the samples. Tipper, et al
182
 reported that the found particles as small as 10 nm in 
simulator studies. Using a 0.015 μm filter would help identify if these smaller 
particles are present. We also had samples from many different points in the wear life 
cycle, and measuring how these particles change in size and morphology as the joint 
ages could indicate when the more active, smaller particles are produced. 
We started building up a library of Raman data for cells and cellular components. 
These were used to identify Raman resonances that could be used as a CARS 
imaging mode. Improving this data using proper spectroscopic standards to calibrate 
the results both in terms of magnitude and wavelength would improve the accuracy 




Measuring the Raman spectra of the more commonly occurring lipids such as 
phosphatidyl serine, phosphatidyl choline, sphingomyelin, phosphatidyl inositol may 
also help to provide Raman vibrations in other regions that could be used to 
distinguish these molecules from polyethylene, allowing for a more accurate 
assessment of where these particles are found within cells. 
The versatility of our CARS microscopy setup was also shown by using another 
multiphoton approach, TPEF, to image fluorescently tagged particles. Future studies 
on revision tissue will benefit from using other modes of imaging to increase the 
amount of information that can be extracted from each tissue sample. SHG has been 
used to image collagen fibres, elastin and microtubules,
86,185-188
 whilst TPEF can be 
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The model particle work showed that the F-CARS signal for all sizes of particle was 
much larger than the E-CARS signal. Although some of this difference is expected 
from theoretical calculations, the placement of the detectors may also have a large 
effect on the collected signal. By moving the detectors closer to the sample, instead 
of using fibre optic couplings it is possible we will see larger collected signals from 
both E- and F-CARS setups. It may also alter the results and show that using E-
CARS results in a better background rejection which enables high contrast imaging. 
However, as we have shown particles in cells are usually found aggregated together 
rather than as uniformly distributed single particles. Repeating our particle work with 
multiple particles collected in a gel matrix will help show how the E-CARS and F-
CARS signals change in a model that more closely represents how particles are 
packed in cells. 
CARS microscopy has been used to examine cells treated with micron and sub 
micron particles from both commercial polystyrene particles as well as polyethylene 
particles from a pin-on-plate wear simulator. Using CARS spectroscopy to generate 
contrast based on vibrational resonances negates the need for using external tag 
molecules when examining samples. This makes CARS a suitable choice when 
dealing with materials whose function and performance could be altered by 
introducing a labelled tag, or where an alternative joint material would require 
approval by regulating bodies. Both of these factors are particularly relevant when 
studying surgical implants. 
Using the inherent properties of a multiphoton technique to allow good optical 
sectioning, we acquired high-quality three-dimensional images at different 
vibrational resonances, allowing us to construct a chemical map of the contents of a 
cell as well as quantifying the amount of material found in a cell. 
Deuterated compounds which contain Raman resonances in the silent region of the 
Raman spectrum between 2000 – 2400 cm
-1
 have been used to help minimise 
unwanted resonant contributions to CARS images and isolate a particular compound 
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against other vibrational resonances.
163
 A deuterium labelled polyethylene could help 
to further validate the results generated.  
Optimising the system to take CARS images over the entire range of the biological 
Raman spectra will help identify more cellular components and provide better 
characterisation of materials in a cell. Combining this with imaging of periprosthetic 
tissue taken from revision surgery will yield valuable data on the spatial localisation 
of wear debris and its distribution in the cells and stroma. 
Polymeric compounds can also be used to tag structures in the cell, or as a carrier for 
drugs. Encapsulated melamine and polystyrene microspheres within targeted 
liposomes have been used as a CARS label for monitoring endocytosis.
191
 Similarly, 
drug delivery has been examined by using polymeric particles, that physically 
encapsulate the drug, which can be tracked by CARS.
163
 Although this still leaves a 
question of how to monitor the actual drug release or transfer.
192
 
CARS could also be used to monitor a number of other toxic particles, especially 
those where the size and possible mechanisms of action would be altered by adding 
tag molecules. As well as metal oxides, carbon nanotubes have been shown to 
damage DNA.
193
 The Raman band at 1590 cm
-1 
could be a target.
194
  
Interest in label free vibrational imaging and the promising results from CARS has 
also led to development of a related technique called Stimulated Raman Scattering 
(SRS). Like CARS, SRS uses two lasers (referred to as pump and Stokes for 
continuity) where the difference is tuned to a vibrational mode of interest. However, 
in SRS either the pump or Stokes beam is either amplitude or frequency modulated. 
The change in intensity of the unmodulated  beam is then measured to give a SRS 
image.
195
 The advantage of SRS is that it is free of the unwanted non-resonant 
background that affects CARS images.  Furthermore, rather than a quadratic 
relationship to the number of oscillators within the focal point, the SRS is linearly 
proportional to the concentration of the oscillators. This could allow more accurate 
quantification of the chemical concentrations responsible for the signal.
195
 SRS has 
also been reported to be a more sensitive than CARS and has shown promise in 
imaging nucleic acids,
196
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